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Abstract 

The reduced quality of life and financial burden associated with visual impairment and 

blindness will increase dramatically as world’s population ages. Although presbyopia and 

cataract are the two leading causes of age-related vision loss, the pathophysiological 

mechanisms responsible for these two lens pathologies is still not fully understood. Through a 

series of experiments, the Molecular Vision Laboratory (MVL) has shown that the optical 

properties of the bovine lens are actively maintained by circulating ionic and fluid fluxes that 

generate an internal microcirculation. In the mouse lens, it has been shown that this water 

circulation through gap junction channels generates a substantial intracellular hydrostatic 

pressure gradient that is subjected to a dual feedback regulation system. This discovery led to 

the hypothesis that the regulation of the lens water transport (pressure gradient) is directly linked 

to changes in the lens optics; it is this hypothesis I have endeavoured to test in this thesis.  

To achieve this, I have developed a pico-injector/microelectrode based whole lens 

measurement system and utilized it to study the regulation of water transport/pressure in the 

larger bovine lens, which is our chosen animal model to study lens optics. Using this system, I 

showed that like the mouse lens, the larger bovine lens has a hydrostatic pressure gradient that 

varies from 0 mmHg in the surface to 350 mmHg in the core of the lens, and that inhibition of 

microcirculation reduces the magnitude of this pressure gradient. Again like in the mouse lens, 

the surface pressure in the bovine lens was found to be regulated by a dual feedback system 

that was mediated by the reciprocal modulation of the transient receptor potential vanilloid 

channels, TRPV1 and TRPV4. These TRPV channels were confirmed in the bovine lens by 

both Western blotting and immunohistochemistry. Pharmacological activation of TRPV1 or 

TRPV4 induced a biphasic increase and decrease, respectively, in the hydrostatic pressure 

recorded at the lens surface. This biphasic response was abolished if lenses were pre-treated 

with either a TRPV1, or TRPV4 inhibitors, prior to activation of the channels. These results 

suggest that this TRPV1/4 mediated feedback control system is a conserved mechanism, in at 

least the mouse and bovine lenses, that serves to regulate lens hydrostatic pressure and thus 

maintaining a constant water transport and water content. 
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To then test whether this TRPV1/4-mediated dual feedback system, which controls hydrostatic 

pressure, also modulates lens power, I utilised a laser ray tracing (LRT) system to measure the 

optical properties of the lens in the absence and presence of reagents that manipulate the 

microcirculation system and/or the pressure gradient. Using an LRT protocol that monitored 

the back focal length and therefore lens optical power, I showed that the biphasic decrease in 

lens surface pressure induced by TRPV4 activation had no significant effect on lens power. In 

contrast, the biphasic increase in lens surface pressure induced by the capsaicin-mediated 

activation of TRPV1 channels did produce a transient increase in the lens optical power. 

Because the results from these into the effects of biphasic changes in lens surface pressure on 

overall power using a simple measure of lens power were somewhat inconclusive, I utilised a 

slower LRT-GRIN scan protocol to determine the relative contributions to lens geometry and 

GRIN to overall power. Since this protocol necessitated longer scan times, I applied it in 

experiments where sustained changes in surface pressure were induced the pre-treated of lenses 

with either a TRPV1, or TRPV4 inhibitors, followed by activation of the channels. I found that 

the steady-state decrease in lens pressure induced by the activation of TRPV4, while blocking 

TRPV1 channels tended to cause a small decrease in the lens RI throughout the lens, which 

was associated with a small increase in anterior curvature of the lens. In contrast, the steady-

state increase in lens pressure observed by the activation of TRPV1, in the presence of TRPV4 

inhibition, tended to cause a small increase in the lens RI throughout the lens which was 

associated with a small decrease in anterior curvature of the lens. This pharmacological 

manipulation of TRPV1 and TRPV4 channel activities induced opposing effects on lens 

geometry and GRIN, showed a trend towards positive and negative shift in lens power, and had 

minimal effect on the lens longitudinal spherical aberration and overall vision quality. 

Taken together, my results show that the proposed link between lens pressure regulation and 

the lens optical properties is more complicated than the first envisaged and requires a 

modification to the lens microcirculation system. In my thesis, I present such a modified model 

that can be used to explain not only my current results but also provides deeper insights into 

the mechanisms responsible the onset of presbyopia and cataract that will inform the 

development of novel pharmacological therapies to maintain vision quality in the elderly. 

Testing this model will be the focus of ongoing work. 
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 Introduction 

Our sense of sight is perhaps the most valued of our sensory modalities. It is critically 

dependent on the refractive properties of the transparent tissues that form the front of the eye, 

the cornea and the lens, which work together to ensure that light is correctly refracted and 

focused onto the retina (Kels et al., 2015). Unlike the cornea, the young human lens has the 

ability to change its optical power to allow the eye to focus through a process called 

accommodation on both far and near objects. To achieve this, the lens must be flexible so that 

the surface curvatures of the lens can be altered to adjust its power and therefore, the point of 

focus. However, an age-dependent loss in the ability of the crystalline lens to dynamically 

change its shape, and thus focusing power occurs with age, leading to the onset of presbyopia 

(Glasser & Campbell, 1999). With advancing age, there is also a progressive reduction in lens 

transparency, which causes an age-related decrease in vision quality that ultimately manifests 

as cataract in the elderly (Asbell et al., 2005). It is estimated that by 2030 presbyopia will affect 

more than 2.1 billion people world-wide, with more than half experiencing vision impairment 

due to no or inadequate vision correction (Fricke et al., 2018). While cataract remains the 

leading cause of blindness in the world, affecting more than 35 million individuals (Khairallah 

et al., 2015). Thus due to an aging population, the global prevalence of presbyopia and cataract 

are expected to dramatically rise in the coming decades. However, at present, surgery is the 

only treatment for age-related cataract. This involves the surgical replacement of the opaque 

lens with an artificial intraocular lens to restore the patient’s vision. Although the procedure is 

safe and effective, there are still some complications, and the overall need for surgery imposes 

a huge financial burden on the healthcare system. Alternative treatment options that could 

effectively delay or prevent the onset of presbyopia and cataract would therefore be highly 

desirable. 

In order to design new therapeutic strategies, it is important to understand the pathogenesis of 

the age-related diseases of the ocular lens. A long term goal of the Molecular Vision Laboratory 

(MVL) at the University of Auckland has been to understand the underlying cellular physiology 

and molecular mechanisms that are involved in establishing and maintaining the optical 

properties of the lens, so that we can understand how the dysfunction of these normal processes 

leads to the development of presbyopia and cataract (Donaldson et al., 2017). To support these 
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efforts, I have used my expertise as a biomedical engineer to establish a pico-

injector/microelectrode based whole lens pressure measurement system, which can be used to 

study the water transport properties of the ocular lens. Recently, lens intracellular hydrostatic 

pressure/water transport has emerged as a key parameter, which, at least in the mouse lens, is 

highly regulated by a dual feedback system (Delamere et al., 2020; Gao et al., 2011, 2015). 

However, how this system impacts the optical properties of the lens is unknown, largely 

because it is challenging to study the optical properties of the small mouse lens. In the MVL 

we have developed a Laser Ray Tracing (LRT) system (Qiu et al., 2017), to directly quantify 

the optical properties of bovine lenses maintained in different organ culture conditions. In this 

thesis, I have adopted the bovine lens as my model system to assess whether pharmacological 

modulation of the lens internal pressure (water transport) affects the overall optics and vision 

quality of the lens.  

In this chapter, a review of the literature on how lens structure and function contribute to the 

establishment and maintenance of the optical properties of the lens is first presented. This 

review, will focus on the role played by the internal microcirculation system in the active 

maintenance of the optical properties of the lens. It will include how the intracellular 

hydrostatic pressure gradient is generated in the lens by the outflow of water through gap 

junction channels and the regulatory mechanisms that control the pressure gradient in the 

mouse lens. This information, collected predominately in the mouse lens, will provide the 

context for my experiments to establish whether the bovine lens possesses a similar highly 

regulated pressure gradient. 
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1.1 The role of the lens in the visual system 

The eye as the sense organ for sight consists of different biological tissues that can be described 

in functional terms as optical (cornea, iris, aqueous, lens, and vitreous humour), light sensing 

(photoreceptors in the retina), and transmission (part of retina and optic nerve) (Figure 1-1). 

The retina is a multi-layered tissue that forms the innermost layer of the eye and functions to 

receive, regulate, and transform external stimuli in light energy into nerve impulses. These 

electrical impulses are then transmitted via the optic nerve to the brain for visual processing 

and image formation (Masland, 2012). This thesis focuses on the structures of the eye that 

enable the passage and focus of light on to the retina, namely the cornea, aqueous, lens, and 

vitreous, with a particular emphasis on the role played by the lens in the overall optical 

properties of the eye. 

 

Figure 1-1: Anatomy of the ocular globe. As light rays enter the eye, they first encounter the cornea, then pass 

through the aqueous humor, pupil, lens, and vitreous humour before being focused onto the retina at the back of 

the eye, where they are transduced into electrical impulses that are carried by the optic nerve to the brain for 

processes. Image adapted from educational resources made available by the National Eye Institute, National 

Institute of Health, USA. 
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The aqueous humor (AH) is a transparent fluid that occupies the space between the crystalline 

lens and the cornea. It functions to provide nutrients for the avascular tissues in the front of the 

eye and is important for generating the intraocular pressure that inflates the globe (Saude, 

1994). The transparent vitreous body fills the space between the lens and the retina. The gel-

like consistency of vitreous, which consists mainly of water (99%) with some resident cells, 

ensures that the passage of light to the retina occurs with minimal scattering and distortion 

(Forrester et al., 2008). Both the aqueous and the vitreous are optically neutral tissues and do 

not contribute to the total focusing power of the eye. The focusing ability of the ocular eye, 

therefore, depends on the cornea and lens.  

The anteriorly positioned cornea is a transparent multilayer structure that covers the front 

portion of the eye. Mechanically, it functions as a protective barrier to prevent foreign bodies 

from entering the eye. Optically, it is the main refractive surface of the eye, contributing up to 

two-thirds of the total optical power, and thus has to be both transparent and refractive (Artal 

& Guirao, 1998). The transparency of the cornea is a result of the highly organized collagen 

fibrils in the corneal stroma (Maurice, 1957) that enables > 95% light transmission in the 

spectral range of 600-1000 nm (Beems & Van Best, 1990). The significant difference in 

refractive index1 (n) between air (n = 1.000) and corneal surface (n = 1.376), together with its 

aspheric shape, contributes to its large focusing power. The shape of the cornea is generally 

aspheric, with the central region being more spherical before it gradually flattens towards the 

periphery. This geometrical property of the cornea, however, introduces a positive spherical 

aberration (SA). SA is a type of refractive error that occurs when refracting surfaces, such as 

the cornea and lens, fail to bring incoming light rays to focus at a single point, causing different 

focal points along the optical axis (Garner & Smith, 1997; Smith, 2003). It compares the 

relative position of the focusing points for the central and peripheral rays, thus could be both 

positive and negative. Without correction, these optical aberrations affect the overall visual 

performance leading to reduced image contrast and blurring the image. The positive SA 

induced by the cornea is partially compensated by the aberrations of the internal optics of the 

eye, more specifically, the negative SA of the crystalline lens. 

In the eye, the bi-convex crystalline lens functions as the second refractive element, which, 

together with the cornea, helps to focus incoming light onto the retina. As a transparent tissue, 

                                                      
1
 The refractive index describes how much light is bent when traversing the boundary between one 

medium and another.  
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the lens enables the incoming light rays to pass through it with minimal scattering. However, 

it is more than a simple plane of transparent glass. It contributes around one-third of the total 

optical power of the eye (Atchison & Smith, 2017), and unlike the cornea, the lens has the 

added ability to dynamically change its refractive power to allow near objects to be focussed 

on the retina in a process known as accommodation (Glasser & Kaufman, 1999; Khan et al., 

2018). The overall transparent and refractive properties of the lens are a direct result of its 

unique cellular structure and function (Donaldson et al., 2017).  

 

Figure 1-2: Lens accommodation. In the unaccommodated state, ciliary muscle relaxation increases zonular 

tension on the lens capsule, which leads to flattening of the lens shape, allowing the eye to focus on distant objects 

(left panel). Accommodation occurs when the ciliary muscle contracts to pull the ciliary body forward towards 

the lens to reduce the zonular fibres tension applied to the lens capsule producing a rounder lens with increased 

optical power to focus on near objects (right panel). Image adapted from (Maceo Heilman, 2015). 

Anatomically, the lens is located behind the iris and is suspended in the eye by rings of 

suspensory ligaments, named the zonules of Zinn, that connect the lens via its elastic capsule 

to the ciliary body (Kiel et al., 2011). The anterior surface of the lens is bathed by the aqueous 

humour, while its posterior surface interacts with the vitreous body. The anterior and posterior 

surface curvatures are the key geometric parameters that determine the non-spherical shape of 

the lens. Contraction and relaxation of the circularly arranged ciliary muscles alter the tension 

applied to the lens via the zonules, which results in changes to overall lens geometry that in 

turn alter lens power during accommodation (Figure 1-2) (Fincham, 1951; Fisher, 1969; 

Glasser & Campbell, 1999; Hartridge, 1925). According to Helmholtz theory of 

accommodation, when focusing on near objects, the ciliary muscle contracts releasing the 

zonular tension applied to the lens, causing the lens to form a more spherical shape that 

increases its refractive power (Helmholtz, 1855). When focusing on distant objects, the ciliary 

muscle relaxes, allowing the lens zonules to pull on the lens, flattening it to decrease lens power.  
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In contrast to the cornea, which possesses a uniform refractive index, the ocular lens has an 

inherent gradient of refractive index (GRIN), that is highest in the center and decreases radially 

towards the surface. This gradient as a unique property of the crystalline lens significantly 

contributes to its optical power and aberrations (Atchison & Smith, 2018; Garner & Smith, 

1997; Smith, 2003). Since there are no significant differences in the refractive indices between 

the lens capsule and the aqueous and vitreous humours surrounding the lens (Bettelheim & 

Wang, 1974), there is less refraction of light as it crossed the lens capsule. Therefore, the lens 

refractive power of the lens is mainly a combination of its shape and the GRIN distribution 

(Atchison & Smith, 2018; Jones et al., 2005; Smith, 2003).  

Thus, the optical properties of the lens are established by its cellular structure, which is actively 

maintained by its cellular physiology to ensure lens internal homeostasis. In the next sections, 

I will first review the lens structural adaptions that contribute to establishing the transparent 

and refractive properties of the lens (Section 1.2), before looking at the functional mechanisms 

involved in the active maintenance of this unique structure (Section 1.3).  

1.2 Lens structure 

The adult mammalian lens can be categorized into five morphologically distinct regions shown 

in Figure 1-3; (1) the capsule, (2) the lens epithelium, (3) the outer cortex (OC), (4) the inner 

cortex (IC), and (5) the lens nucleus or core. The capsule is a transparent and elastic basement 

membrane that encloses the entire lens and functions as a barrier protecting the lens from 

bacterial and most viral infections (T. L. Beyer et al., 1984; Cotlier et al., 1968; Karkinen-

Jaaskelainen et al., 1975). The high elasticity of the capsule keeps the whole tissue under a 

constant tension, and provides sites for the zonular fibres attachment, connecting the ciliary 

muscles with the lens. The lens epithelium is made up of a monolayer of cuboidal epithelial 

cells that cover the anterior surface of the lens. These cells divide at the lens equatorial plane 

into daughter cells, which elongate and differentiate into fibre cells in a region known as the 

“germinative zone” (Snell & Lemp, 1989; Taylor et al., 1996). Fibre cells, which elongate in 

both anterior-posterior directions, are shown in an axial section of the lens in Figure 1-3A. The 

lens grows throughout life by adding new layers of “secondary” fibre cells on previously 

existing fibre cells in a continuous process of cell division, differentiation and maturation that 

creates an inherent age gradient of fibre cells (Lovicu & Robinson, 2004). In equatorial lens 

sections, fibre cells cut in cross sections appear as tightly packed hexagonal arrays of cells 

within concentric growth rings of fibre cells at distinct stages of differentiation (Figure 1-3B). 
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The oldest primary fibre cells formed during the early stages of lens development are 

positioned in the lens center as the embryonic nucleus or the lens core.  

 

Figure 1-3: Cellular structure of the lens. (A) Axial section through the mammalian lens, showing the capsule, 

epithelium, outer cortex (OC), inner cortex (IC), core, and equator. (B) Equatorial section through the mammalian 

lens, showing ordered arrays of closed packed fibre cells with a hexagonal cross-section profile. Figure provided 

by Dr. Haruna Suzuki, MVL. 

Cells that are outside the nucleus make up a region known as the lens cortex, which is further 

divided into the outer and inner cortex. The outer cortex comprises differentiating fibre (DF) 

cells, while the inner cortex consists of fully differentiated mature fibre (MF) cells. Lens fibre 

cell differentiation is associated with a highly coordinated expression of fibre-specific proteins 

including gap junctions, cytoskeletal proteins, and cytoplasmic crystallin proteins (Bloemendal 

et al., 2004). Degradation of the cell nuclei and internal organelles is involved in transforming 

DF to MF cells, creating an organelle-free zone (OFZ) in the center of the lens (Bassnett, 2009; 

Bassnett & Mataic, 1997). The mature fibre cells in the OFZ are, therefore, unable to synthesise 

new proteins and only contain the proteins that were initially expressed during early embryonic 

development, and these proteins need to be maintained throughout life (Bassnett & Beebe, 

1992). Lens sutures are formed when MF cells meet other fibres at the anterior and posterior 

poles of the lens (Kuszak, 1995). These structural adaptations at different stages of the lens 

development give rise to the formation of the morphologically distinct regions in the lens and 

contribute to establishing the transparent and refractive properties of the lens, which will be 

reviewed in the next subsection.  
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1.2.1 The establishment of lens transparency 

Transparency is one of the fundamental biophysical properties of the lens that is pivotal to the 

proper functioning of the eye, and it is a function of both the cellular architecture and 

physiology of the lens (Beebe, 2008; Benedek, 1971). Lens transparency is first established by 

adaptions that occur in early embryonic development of the lens, which include the loss of the 

vasculature, the degradation of intracellular organelles, the spatial order of fibre cells in the 

peripheral lens, and the matching of refractive index between different cellular compartments 

in the lens core (reviewed in Bassnett et al., 2011; Donaldson et al., 2017).  

During postnatal human lens development, the presence of the tunica vasculosa lentis (TVL), 

which covers the posterior and lateral surfaces of the lens, provides the lens with sufficient 

nutrients and oxygen for its initial phase of rapid growth. However, this vascular system only 

functions during early development and gradually regresses after birth and eye opening 

(Benedek, 1971). This programmed loss of the lens vasculature is presumably an adaption to 

reduce light scattering and is essential for lens transparency (Benedek, 1971). Light scattering 

intensity is further reduced by the programmed removal of organelles and nuclei from 

differentiating fibre cells during their maturation (Bassnett, 2009; Bassnett & Mataic, 1997). 

The loss of internal organelles, together with the absence of a blood supply, contributes to the 

lack of de novo synthesis and limited turn of proteins in the deep-lying mature fibre cells 

(Bassnett & Beebe, 1992).  

In most other tissues, a mismatch between the refractive index of the plasma membranes and 

the cytoplasm renders them non-transparent. In the lens, this mismatch in refractive index exists 

in the outer cells but not in the deeper cells (Michael et al., 2003). In the lens surface cells, the 

refractive index of the membranes exceeds that of the cytoplasm; however, to compensate for 

this mismatch lens surface fibre cells have adopted a flatted hexagonal shape that enhances cell 

packed creating an extracellular space that is smaller than the wavelength of light to facilitate 

the transparency of the lens surface cells (Fagerholm et al., 1981; Michael et al., 2003; Siebinga 

et al., 1991; Smith & Pierscionek, 1998). Conversely, in the lens nucleus, the cells are more 

irregular in shape and have little spatial order. To compensate of this lack of spatial order in 

the deeper regions of the lens, mature fibre cells develop a close matching of membrane and 

cytoplasmic refractive indices, which in the absence of spatial order minimises light scattering 

and maintains lens transparency (Al-Ghoul & Costello, 1993; Truscott, 2005). This matching 

in refractive indices has been suggested to be in part due to a change in phospholipid 
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composition in the lens membranes (Borchman et al., 1994; L. K. Li et al., 1985), and an 

increase in the refractive index of the lens cytoplasm in the deeper regions of the lens (Michael 

et al., 2003).  

In the human lens the refractive index varies from 1.380 near the lens surface to 1.409 in the 

center of the lens (Kasthurirangan et al., 2008). These high refractive indices are due to the 

extraordinary high concentration of proteins present in the cytoplasm of lens fibre cells (M. K. 

Duncan et al., 2010). Given that the intensity of light scattered by a scattering particle is directly 

proportional to its concentration, such high protein concentrations, should in theory, increase 

the intensity of light scattering. However, the lens cytosol remains transparent due to the short-

range-order interactions between the proteins that eliminate light scatter through the process of 

destructive interference (Benedek, 1971; Delaye & Tardieu, 1983; Takemoto & Sorensen, 

2008). Finally, the ocular lens has been found to develop cell-to-cell fusions between deeper 

fibre cells membranes within the same growth rings. These fusions allow the exchange of larger 

proteins between fibre cells within, but not between, growth rings to ensure refractive index 

matching within growth rings (Shestopalov & Bassnett, 2000, 2003). These fusions also have 

important implications for the establishment of the lens GRIN (see subsection 1.2.3).  

In summary, the lens has a number of unique structural adaptations that contribute to the 

establishment of lens transparency and allow light rays to pass through the tissue with 

minimum scattering. However, the optical performance of the lens is not solely determined by 

its transparency, since as an optical element the lens also needs to refract light, and the 

refractive properties of the lens are set by a combination of lens geometry and the GRIN. 

1.2.2 The establishment of the refractive properties of the lens 

The establishment of the refractive properties of the crystalline lens in the human eye is 

strongly associated with dramatic changes to lens geometry and refractive index. These 

changes take place during postnatal development and extend beyond infancy into childhood 

(Forbes et al., 1992; Mutti et al., 1998, 2018), resulting in a decrease in optical power of the 

lens from around 23 diopters by the age of 3 years to 20 diopters at the age of 14 (Sorsby et al., 

1961; Wood et al., 1996; Zadnik et al., 1993). In contrast, corneal power decreases at a much 

slower rate during the same period (Sorsby et al., 1961). Therefore, it appears that the reduction 

in lens power with the rapid growth of the eye (Wallman & Winawer, 2004) is the main 

contributing factor to the development and maintenance of emmetropia during childhood 
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(Garner et al., 1992; Zadnik, 1997), and has been found to be a direct result of the reshaping of 

lens geometry (Mutti et al., 1998) as well as the development of the GRIN (Birkenfeld et al., 

2013, 2014). 

1.2.2.1  Lens geometry 

The in vitro human lens is approximately 6 mm in equatorial diameter and 4 mm in axial 

thickness with a 23-25 mg dry weight at birth (Augusteyn, 2010; Goldstein et al., 1998). As 

the lens continues to grow by adding new layers of DF cells we would expect to see 

corresponding increases in lens diameter, thickness, and weight. However, the changes are 

more complicated than a simple linear increase in these parameters. Instead, the lens undergoes 

a process of remodelling and compaction that generates the more elliptical shape and the 

steeper refractive index gradient observed in the older adult human lens (Al-Ghoul et al., 2001). 

In vitro measurement of geometrical parameters illustrated that human lens thickness gradually 

decreases from 4 mm at birth to a minimum of 3.3 mm in the teenage years, while the equatorial 

diameter continuous to grow (Al-Ghoul et al., 2001). Similar changes in lens thickness are also 

seen using in vivo measurements (Mutti et al., 1998). Moreover, the observed reduction in lens 

thickness during early childhood development is accompanied by changes in the lens anterior 

and posterior surface curvatures, with the major change occurring at the anterior surface whose 

radius was found to be 7.2 mm in early infancy and then flattens to reach 11-12 mm by 14 

years of age (Mutti et al., 1998, 2005). Together, this thinning and flattening of the lens over 

time contributes to about half of the overall loss in equivalent power from infancy through 

childhood (Mutti et al., 2005, 2012; Twelker et al., 2009).  

After completing the initial remodelling phase during early life, both the equatorial diameter 

and thickness of the lens continue to increase with age while maintaining a constant aspect 

ratio of ~2.2 in human lenses measured in vitro (Pierscionek & Augusteyn, 1991). The 

dimensions will of course, be different in in vivo, due to the influence of other ocular 

constituents such as the ciliary muscles and zonules. Studies have indeed shown that the fully 

accommodated in vivo human lenses have an anterior/posterior thickness ratio that is similar to 

that observed in vitro lenses (Hermans et al., 2007), which indicates that the shape of the in 

vivo lens is critically dependent on the attachment to accommodation apparatus.  

The reshaping of the lens to alter its refractive power mainly occurs in its primary fibre cells 

initially laid down during embryonic development. When newly formed, the primary fibres are 

around 400 μm long, but by age 15 years, their length is around 172 μm (Al-Ghoul et al., 2001). 
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This shortening in the human of the primary fibre cells has been suggested to be dues to a 

process of compaction caused by the continuous addition of new cell layers and the loss of 

cytoplasmic water to reduce cell volume (Al-Ghoul et al., 2001; Taylor et al., 1996). The 

driving force for the age-dependent loss of water has been previously attributed to a time-

dependent crystallin protein aggregation in the lens nucleus that caused the fibre cells to reduce 

osmolality (Kenworthy et al., 1994; Tardieu et al., 1992). However, the recent discovery that 

the lens actively removes water from central cells (Candia et al., 2012; Gao et al., 2011; Vaghefi 

et al., 2011) suggests that lens water transport may also play a role in the process of lens 

remodelling by regulating the rate of fibre cell compaction. This loss of lens water would also 

be expected to increase lens protein concentration and alter the lens refractive index distribution. 

1.2.2.2 The establishment of the gradient of refractive index (GRIN) in the lens 

The GRIN contributes to the refractive power of the lens and corrects for the spherical 

aberrations introduced to the light pathway by the cornea (Birkenfeld et al., 2014; 

Kasthurirangan et al., 2008; Moffat et al., 2002). The GRIN is created by spatial differences in 

the water to protein ratio across the lens (Figure 1-4A). This gradient is initially established 

by the over expression of different subsets of cytoplasmic crystallin proteins at different stages 

of lens development (Artal & Guirao, 1998; Jones et al., 2005; Truscott, 2007), and it is then 

enhanced and smoothed by the active removal of water from the lens nucleus (see section 1.4.2). 

The crystallins are a family of low molecular weight cytoplasmic proteins that have been 

studied extensively for their roles in maintaining the optical properties of the lens (Augusteyn, 

2004; Hejtmancik et al., 2004; Horwitz, 2000). Crystallin proteins compose more than 90% of 

lens dry weight, and among them, the most abundant superfamilies are the α-, β- and γ-

crystallins. α-crystallins are considered to function as both molecular chaperones and as 

structural proteins that prevent protein aggregation and precipitation, and thus light scattering 

(Horwitz, 1992; Sun & MacRae, 2005). 

In contrast, β and γ-crystallins are thought to act only as structural proteins (Bloemendal et al., 

2004). Although all three crystallin subtypes contribute to the GRIN formation, γ-crystallins, 

which have the highest predicted molecular refractive index increment (Zhao, Brown, Magone, 

et al., 2011), are believed to have particular importance in determining the optical properties 

of the lens. In mammals, the distribution of γ-crystallins changes along the optical axis of the 

lens, being most abundant in the core region, and are less abundant in the more hydrated 

peripheral cortical regions (Thomson & Augusteyn, 1985). This expression pattern of γ-
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crystallins, together with their inherently higher refractive indices, ensures that the lens core 

region has the highest refractive index, and thus the highest refractive power. Interestingly, it 

has been found that the high refractivity of lens proteins depends not only on the amino acid 

composition of the crystallin proteins but also on other factors, such as the state of protein 

hydration (Khago et al., 2018), indicating that in addition to protein structure other factors such 

as the local environment may also contribute to the refractive indices of lens proteins.  

 

Figure 1-4: Establishment of the GRIN profile in the lens. (A) The equatorial profile of the refractive index 

(blue) in a young human lens is the product of gradients in water content (red) and protein (green) distribution. 

(B) A 2D GRIN map of a human lens is superimposed on its geometry. It is established by removing water from 

the lens core by the microcirculation system via gap junctions. Membrane fusions are formed between adjacent 

fibre cells to enable protein exchange and homogenization of the refractive gradient with the individual growth 

rings. The difference in lens refractive index between adjacent growth rings was established due to the absence of 

these fusion pores between the discrete growth rings. Image obtained from (Donaldson et al., 2017). 

In addition to differential expression of different crystallin subtypes with distinct physical and 

refractive properties, the establishment of the GRIN is also facilitated by the unique syncytial 

organization of lens tissue (Bassnett et al., 2011; Shi et al., 2009). Syncytial tissues are formed 

by the fusion of plasma membranes between neighbouring cells, and these membrane fusions 

are critical for the development of many organisms (Plemper & Melikyan, 2013). The lens has 

been found to be composed of multiple distinct syncytia, which facilitate intercellular diffusion 

of crystallin proteins via fusion pores between fibre cells located within discrete growth rings 

(Figure 1-4B) (Shi et al., 2009). These fusion pores develop during fibre cell differentiation, 

and by structurally linking the cytoplasm of adjacent fibre cells they contribute to the 

establishment of the lens GRIN by enabling protein exchange between cells within a growth 

ring, but not between growth rings. This unique intercellular diffusion for crystallin proteins 

ensures that the protein concentration, therefore the refractive index, is uniform within discrete 

growth rings while permitting a difference in refractive index to be maintained between growth 

rings. 
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Although intercellular diffusion of crystallin proteins is predominantly circumferential, the 

presence of gap junction channels that formed between adjacent growth rings allows ions and 

water in the lens to move in a radial direction (Figure 1-4B) (Cheng et al., 2008; Jacobs et al., 

2003). This separate pathway for water and ion movement enables both a steepening and a 

smoothing of the lens inherent GRIN profile by adjusting the water content within growth rings 

and thus has been found to play a critical role in the active maintenance of the GRIN and 

refractive properties of the lens (see section 1.4.2). 

In summary, the lens has adopted a unique molecular and cellular architecture that contributes 

to establishing its transparency and refractive properties. However, the lens is more than a 

simple passive optical element, but instead functions to actively maintain its ionic and cellular 

homeostasis. The failure of the lens to maintain its homeostasis results in changes not only in 

lens transparency, but also the overall optics. In the following subsection, I will review the 

current understanding of the lens cellular physiology that contributes to the active maintenance 

of lens transparency and refractive properties. 
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1.3 The active maintenance of the optical properties of the lens 

The unique structural features of the lens that establish its transparent properties impose a set 

of physiological constrains on the avascular lens that has required the development of unique 

cellular physiology. It has been proposed that the lens operates an internal microcirculation 

system that utilizes spatial differences in ion and water transport proteins to generate circulating 

fluxes of ions and water, which by actively maintaining the cellular homeostasis of the lens, 

act to maintain its transparent and refractive properties (Donaldson et al., 2010, 2017; Mathias 

et al., 1997, 2007). In the following subsections, I will give a detailed description of the lens 

microcirculation, along with a review on the more recent research that not only confirms some 

of the earlier predictions of the model but also provides new insights into functional roles of 

this microcirculation system in the active maintenance of the optical properties of the lens. 

1.3.1 The lens microcirculation model 

Due to its relatively large size, the avascular lens needs a transport system that can deliver 

sufficient nutrients from the surrounding ocular humours to its deeper lying fibre cells. In 

addition, this system needs to be able to maintain a homeostatic balance between cellular 

proteins and water in order to maintain steady state cell volume and the GRIN distribution, if 

the optical properties of the lens are to be maintained. The first evidence that the lens has a 

unique transport system was provided by Robinson and Patterson (1983), who used the 

vibrating probe technique to show that ionic currents at the lens surface were directed inward 

at both poles outward at the equator. This pattern of current movement was then found to be a 

shared characteristic among lenses from various vertebrate species (Candia & Zamudio, 2002a; 

Parmelee, 1986; Walsh & Patterson, 1989, 1993). Subsequently, Mathias et al. (1997) 

integrated their electrical impedance measurements and theoretical modelling on the lens with 

the work of Robinson and Patterson to propose that the observed inward and outward currents 

represent the external portions of a circulating current that generates a unique internal 

microcirculation within the lens tissue. In addition to the circulating flux of ions, an associated 

water flux was predicted to follow the ion movement through the lens, which would in turn act 

to deliver nutrients to, and remove metabolic wastes and accumulated water from the deeper 

lying fibre cells of the lens faster than would occur by simple diffusion alone, thereby ensuring 

that lens cellular homeostasis, cellular structure, and overall tissue function are maintained. 



Chapter 1. Introduction 

15 | P a g e  

 

 

Figure 1-5: The lens microcirculation system. (A) The net flux of Na+ followed by water movement enters the 

lens at both poles and exits at the equator via an intracellular pathway (blue arrows) and acts as a microcirculatory 

system for the avascular lens. (B) Na+ flows into the lens through extracellular spaces (top), moves into fibre cells, 

and flows back to the surface through gap junctions, where the Na+/K+-ATPase pumps it out of the lens. Water 

enters the lens via the extracellular space (middle), moves into fibre cells through water channels (AQP5), driven 

by local osmotic gradients created by the Na+ flux, and exits the lens through AQP1, due to local osmotic gradients 

generated by the Na+/K+-ATPase. Nutrient flows into the lens through extracellular spaces (bottom), moves into 

fibre cells through nutrient transporters, and flows back to the surface through gap junctions. Images adapted from 

(Donaldson et al., 2017). 



Chapter 1. Introduction 

16 | P a g e  

 

In this microcirculation model it is thought that the circulating current is driven primarily by 

the movement of Na+, which enters the lens predominantly at the anterior and posterior poles 

via extracellular spaces between fibre cells (Figure 1-5A). As the Na+ flows towards the lens 

center, it moves across fibre membranes down its transmembrane electrochemical gradient into 

the intracellular compartment. It then reverses direction and moves via an intercellular pathway 

mediated by gap junction channels to the lens equator, where the Na+/K+ ATPase activity is 

concentrated (Figure 1-5B, top) (Baldo & Mathias, 1992; Candia & Zamudio, 2002a; 

Delamere & Tamiya, 2004; Gao et al., 2000). The epithelial Na+ /K+ ATPases eventually 

remove the Na+ ions from the lens equatorial surface cells to complete the circulation. K+ 

uptake by the Na+/K+ ATPase is balanced by the local efflux of K+ via K+ channels, which sets 

a negative resting membrane potential in lens epithelial cells, which helps to maintain the 

steady state volume of the cells at the lens periphery (Mathias et al., 1997). In contrast to the 

surface cells, deeper lying fibre cells located in the lens core lack functional Na+/K+ ATPase 

and K+ channels (Baldo & Mathias, 1992; Mathias et al., 2007), and their membrane 

permeability is determined by non-selective cation and Cl- channels (Webb & Donaldson, 

2008). To maintain the steady state volume of these mature fibre cells, and therefore the lens 

cellular morphology, the negative membrane potential is transmitted from the surface cells to 

the whole fibre mass via gap junction channels. There are three major isoforms of connexin 

(Cx) in the mammalian lens that form the gap junction channels connecting the lens fibre: Cx43, 

Cx46, and Cx50. The pattern of expression is very similar in all lenses studied to date, with the 

lens epithelial cells expressing Cx43 (E. C. Beyer et al., 1989; Musil et al., 1990) and Cx50 

(Dahm et al., 1999; Pong et al., 2002; TenBroek et al., 1994), while the DF cells express Cx46 

(Paul et al., 1991) and Cx50 (White et al., 1992), but not Cx43.  The cell-to-cell gap junctions 

between adjacent fibre cells in the lens (Cx46 and Cx50) form a unique signalling pathway for 

intracellular communication among the deeper lying fibre cells and the surface cells by 

providing a conduit for ion flow in a radial direction, creating a syncytial tissue and ensuring 

the maintenance of a negative resting membrane potential. 

By mathematical modeling of the circulation system, Mathias et al. (Mathias et al., 1997; 

Mathias & Rae, 1985) proposed this circulating ionic flux would create a local osmotic gradient, 

which would in turn drive water across the lens fibre cell membrane into the intracellular 

compartment through water channels to follow the flow of Na+ (Figure 1-5B, middle). The 

subsequent flow of water from the nucleus to the lens surface is proposed to occur via an 

intracellular pathway mediated by gap junctions (Mathias et al., 1997), and based on theoretical 
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modelling (see Appendix A), Mathias et al. predicted the existence of an intracellular 

hydrostatic pressure gradient in the lens that drives this fluid flow (Figure 1-5) (Gao et al., 

2011; Mathias et al., 1997). 

For this fluid to circulate through the lens, surface and deeper fibre cell membranes must be 

permeable to water to generate the proposed transmembrane fluid fluxes, and several studies 

have confirmed this. In 1999, Fischbarg et al. reported for the first time that fluid transport 

across both cultured lenses epithelial cell layers and in vitro rabbit lenses by using a Bourguet-

Jard volume-clamp method (Bourguet & Jard, 1964; Fischbarg et al., 1999). It was 

subsequently found by Varadaraj et al. that the aquaporin (AQP) family of water channels were 

expressed in the lens, with AQP1 and AQP0 being the primary sources of water permeability 

in lens epithelial and fibre cells, respectively (Varadaraj et al., 1999, 2005). More recently, 

AQP5 has been identified as another water channel expressed in both lens epithelial and fibre 

cells, where in fibre cells it has been shown to act as a regulated water channel (Petrova et al., 

2013, 2018).  

This isotonic water flows through the lens was in turn proposed to drive the delivery of nutrients 

and antioxidants to the mature fiber cells deep inside the lens  (Figure 1-5B, bottom) at a rate 

faster than would occur by passive diffusion alone (Mathias et al., 1997). Consistent with this 

notion, studies have shown that mature fibre cells differentially expressed a high density of 

specialized glucose transporters GLUT3 and SGLT2 to facilitate the uptake of glucose from 

the extracellular space to the deeper lying cells (Merriman-Smith et al., 2003). Furthermore, 

immunocytochemistry and western blotting techniques were utilized by Lim et al. (2005; 2006) 

to identify and characterize other possible transporters involved in nutrient uptake by fibre cells. 

They have shown that lens fibre cells expressed a variety of Na+-dependent and independent 

secondary active membrane transporters located at different regions of the lens. These 

transporters mediated the regional uptake of the nutrients and antioxidants that are delivered to 

them by the lens microcirculation to ensure the metabolic requirements of the deeper fibre cells 

are met (Lim et al., 2005, 2006, 2007).   

While these early studies provided several initial measurements that supported the lens 

microcirculation, the model was still not universally accepted. This was primarily due at the 

time to the absence of direct evidence that confirmed the model predictions that linked solute 

movement with the fluid flow (Beebe & Truscott, 2010). Direct experimental quantitative 

analysis and visualisation of the predicted fluid and solute fluxes in the lens have only become 
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possible in the past few years. This more recent experimental evidence that has confirmed the 

previous predictions of the microcirculation model is presented below.  

1.3.2 Experimental verification of the existence of circulating fluid and solute 

delivery to the lens core 

Hydrostatic pressure measurements:  The intracellular hydrostatic pressure gradient, which 

was predicted to drive the intracellular outflow of water from the lens core to the epithelial 

cells, was experimentally confirmed by Gao et al., using a manometer based microelectrode 

system (Gao et al., 2011), that allowed hydrostatic pressures to be measured at different depths 

within the lens. Using this approach, they showed that a substantial hydrostatic pressure 

gradient exists in the wild-type (WT) adult mouse lenses that varied from 0 mmHg in surface 

cells to ∼340 mmHg in deeper lying mature fibres (Figure 1-6) (Gao et al., 2011). The fact 

that the experimentally measured pressure gradient was consistent with the previously 

formulated mathematical model of intracellular fluid flow (details see Appendix A) has 

provided additional support for the hypothesis that fluid circulates through the lens and that the 

intracellular leg of fluid circulation is driven by a hydrostatic pressure gradient (Mathias, 1985; 

Mathias et al., 1997).   
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Figure 1-6: The hydrostatic pressure driven water transport in WT mouse lenses. (A) The standing 

hydrostatic pressure gradient measured in ∼2 month old WT mouse lenses graphed as a function of normalized 

distance (r/a) from the lens center, where a (cm) is the lens radius, and r (cm) is the distance from the lens center. 

(B) Dual feedback model that utilises TRPV1 and TRPV4 to regulate hydrostatic pressure in the mouse lens. In 

this system, TRPV1 and TRPV4 work synergistically to maintain a constant lens intracellular hydrostatic pressure 

and thus ensures a constant steady state water content. Images adopted from (Delamere et al., 2020; Gao et al., 

2011). 

Furthermore, using genetically modified mouse lenses that express different levels of Cx46 

proteins, and therefore varying degrees of gap junction coupling conductance, Gao et al. were 

able to confirm that the magnitude of the pressure gradient was inversely related to the number 

of fibre cell gap junction channels expressed in the lens (Gao et al., 2011). In addition, direct 

inhibition of the circulating Na+ fluxes that drive the microcirculation by either exposing lens 

to high extracellular K+ solutions to depolarise the lens membrane potential, or ouabain to block 

the Na+/K+ ATPase (Platsch & Wiederholt, 1981), caused a corresponding decline in the 

pressure gradient (Gao et al., 2011). Together, these findings provide the first experimental 

evidence that supports the hypothesis that water circulates through the lens and the intracellular 
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movement of water from the lens core to the surface occurs through lens gap junctions, which 

results in hydrostatic pressure gradient that can be modulated by changes to the circulating 

fluxes of Na+. 

More recent experiments have shown that the surface pressure in the mouse lens is also highly 

regulated via a dual feedback system that utilises two Transient Receptor Potential Vanilloid 

channels, TRPV1 and TRPV4, to sense decreases and increases, respectively, in lens pressure 

(Figure 1-6B) (Gao et al., 2015). In this feedback system, TRPV channels have been proposed 

to act as pressure sensors and function to actively maintain a constant pressure by regulating 

lens intracellular osmolarity. Under steady state condition, the lens epithelial Na+/K+ ATPase 

is always active to generate the circulating Na+ current that drives the associated water fluxes, 

generating the lens intracellular hydrostatic pressure gradient. Any increase in hydrostatic 

pressure is sensed by TRPV4, which transduces this change into an increase in Na+/K+ ATPase 

via its signalling pathway, leading to a transient increase in the amount of Na+ pumping out of 

the lens, and consequently, a local reduction in the intracellular osmolality. This change in 

osmolality, in turn, increases the rate of osmotically-driven water efflux and thus reduces the 

pressure gradient back to steady state values. On the other hand, any decrease in pressure is 

sensed by TRPV1, which activates a separate signalling pathway to increase intracellular 

osmolality, bringing the pressure gradient back to steady state values. Thus, this feedback 

control system has been proposed to determine the absolute value of pressure at each radial 

location within the lens and at a steady state, ensures that a constant pressure gradient is 

maintained. 

Since the discovery of this TRPV1/4 mediated dual feedback control of lens pressure is 

relatively new, the exact signalling pathways of each arm of the system has not been fully 

elucidated. A number of studies using both molecular and functional analysis have been carried 

out, assessing the activators/inhibitors, interactions, and pathways of different regulators and 

transporters that may involve in the signalling mechanism (Y. Chen et al., 2019; Delamere et 

al., 2020; Gao et al., 2015; Shahidullah et al., 2020). More recently, an ion cotransporter 

sodium-potassium/two-chloride cotransporter 1 (NKCC1) has been identified to be actively 

involved in the TRPV1 mediated signal pathway for the lens pressure regulation (Delamere et 

al., 2020; Shahidullah et al., 2020). NKCC1 as the primary mediator of Cl
-
 entry into cells has 

been recognised as an essential chloride cotransporter that contributes to the lens cell volume 

regulation (Hoffmann et al., 2009). The fact that NKCC1 also involved in the lens internal 
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pressure regulation suggests that the lens internal water transport, therefore the water content, 

is essential for the lens volume homeostasis. However, as stated in the latest paper by Nicolas 

et al. (2020), there are still several steps in this signalling pathway that remain unclear, and the 

possibility that other components contribute to the regulation of lens pressure cannot be ruled 

out. In addition, most of the studies described above were done only in the mouse lenses, so it 

is unclear whether lens pressure is regulated differently in other species. 

Ussing chamber experiments: Additional experimental evidence has been provided that links 

water movement into and out of the lens with the measured circulating Na+ fluxes. Using a 

novel three-compartment Ussing chamber (Figure 1-7) that isolates the anterior, posterior, and 

equatorial regions of the bovine lens, Candia et al. (2012), not only definitively showed that 

water enters the lens at both poles and exits at the equator, but also demonstrated that the total 

amount of water leaving the lens was equal to the amount entering it. Furthermore, they showed 

that this water influx and efflux could be abolished by the pre-incubation of lenses in either 

ouabain, or high extracellular K+ solutions, experimental perturbations shown to inhibit the 

circulating flux of Na+ by either inhibiting the lens Na+/K+ ATPase, or depolarizing the lens 

membrane potential, respectively. These experimental studies confirmed the prediction of the 

microcirculation model that the circulating Na+ fluxes generate fluid fluxes that at the lens 

surface are directed into the lens at both poles and out at the equator but did not offer much 

insight into how the water moves inside the lens. Supporting evidence for these spatial distinct 

fluid influx and efflux pathways has been provided by direct observations made using high-

resolution magnetic resonance imaging (MRI). 

 



Chapter 1. Introduction 

22 | P a g e  

 

 

Figure 1-7: Measurement of water fluxes at the bovine lens surface use a three-compartment Ussing 

chamber. Schematic diagram (upper panel) and photo (lower panel) of the final system assembly with a bovine 

lens mounted within the chamber ready for volumetric measurement. Measurement of fluid movement across the 

lens anterior-pole, equatorial, and posterior-pole compartments was made by recording the levels of the three 

syringes. (1) Hamilton syringes with scales for reading; (2) leak-proof connectors; (3) the cylindrical part of the 

chamber used to accommodate piston (component 5); (4) washer that can accommodate O-rings to adapt to the 

size of the lens; (5) piston with its central O-ring that contacts the lens and seals the lens center regions from the 

posterior-pole compartment (see bottom panel); (6) screw to hold the piston in place after all adjustments. Image 

reproduced from (Candia et al., 2012). 
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MRI measurements of water content and solute delivery: Vaghefi et al. (2011) used proton 

density and T1 weighted MRI of heavy water (D2O) to directly visualize water fluxes in the 

bovine lens. Using this approach, they have shown that water preferentially entered the lens 

cortex at the anterior and posterior poles before moving circumferentially towards the 

equatorial regions (Figure 1-8). This fluid flow pattern was consistent with the prediction of 

the lens microcirculation model and was abolished when the circulating Na+ fluxes were 

inhibited by incubating lenses in High K+ solution, suggesting that the microcirculation system 

drove the flow.  

 

Figure 1-8: Direct visualization of water influx at both poles in bovine lens using MRI. Heavy water (D2O) 

circulation through the bovine lens incubated in AAH or High-K+. In AAH condition, D2O preferentially enters 

the lens via both poles and then moves towards the equator. In lenses exposed to high extracellular K+
, to depolarise 

the lens potential and inhibit the microcirculation, the preferential influx of D2O at both poles is inhibited, and 

water uptake occurs all around the lens by passive diffusion. Image adapted from (Vaghefi et al., 2011). 

In addition, a more recent MRI study by Vaghefi et al., that used MRI contrast agents of 

different sizes as extracellular traces to visualise solute delivery to the lens core of organ 

cultured bovine lenses, has shown that only the smaller contrast agents were able to be 

delivered to the lens core and that the rate of solute delivery to the core was significantly faster 

than that predicted by passive diffusion alone (Vaghefi & Donaldson, 2018). Furthermore, they 

show that the pre-incubation of bovine lenses in ouabain or High K+ solutions to inhibit the 

microcirculation, significantly reduced this solute delivery to the lens core (Figure 1-9). These 

experiments suggest that in the absence of a blood supply, the lens internal microcirculation 

system can actively deliver nutrients to the deeper lying fibre cells of the lens via an 

extracellular route faster than can be achieved by simple diffusion alone.  
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Figure 1-9: Direct visualization of solute delivery to the core of organ cultured bovine lens. An MRI contrast 

agent FeraSpin-XS was used to spatially and temporally map the solute penetration rate into the bovine lens. A 

time course of normalized Δ1/T1-weighted images were obtained from bovine lenses organ cultured in control 

AAH, ouabain, and High K+ solution. Since the contrast agent decreases (shortens) T1 signal and the signal was 

inverted (1/T1), hot colours could be interpreted as an increase in contrast agent delivery to the core. Image 

adapted from (Vaghefi & Donaldson, 2018). 

Taken together, results from these series of experiments have confirmed the existence of a 

circulating flux of water and solutes that preferentially enters the lens at the poles and exits the 

lens at the equator. Water flows continuously through the lens to deliver solutes to, and remove 

waste product from the lens core, while actively maintaining a water gradient that is highest in 

the periphery and lowest in the lens core. It follows, therefore, that any failure of the 

microcirculation system to maintain steady state water content of the lens will not only affect 

nutrient delivery but also lens volume (geometry) and the water to protein ratio (GRIN), the 

two key parameters that set the refractive properties of the lens. In the next section, I will review 

the evidence that indicates the lens microcirculation actively maintains the refractive properties 

of the lens.  

1.4 The role of the circulating water flux in the maintenance of the 

optical properties of the lens 

As described above a number of MRI imaging protocols have been utilized to not only trace 

the water inflow but also to assess the changes to the free water content of the lens in response 

to direct inhibition of the lens microcirculation system (Vaghefi et al., 2009, 2011, 2015). 

Interestingly, in these experiments, the inhibition of the microcirculation had no noticeable 

effects on the lens transparency (Lim et al., 2016; Vaghefi et al., 2015) but did produce changes 

to the free water content that impacted lens volume (geometry) and the water to protein ratio 
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(GRIN), which combined to alter the refractive properties of organ cultured bovine lenses. The 

effect of these manipulations on water content and the maintenance of the refractive properties 

of the lens are discussed in turn below.  

1.4.1 Active water transport contributes to the maintenance of the lens steady-state 

water content 

The high levels of crystallin proteins, especially in the central regions of the lens, should create 

an osmotic pressure that draws water into the lens core, causing the lens to not only swell but 

also increase the water/protein ratio and reduce the magnitude of the GRIN. However, the 

opposite is observed: peripheral differentiating fibre cells in the lens cortex exhibit a higher 

free water content and lower refractive index than the central mature fibre cells (Moffat et al., 

1999; Moffat & Pope, 2002). This suggests that to maintain its refractive properties, the lens 

must minimize water movement into the nucleus, bind water to proteins located in the nucleus, 

and/or actively remove water from the lens nucleus.  

To determine whether the lens actively removes water from the nucleus, Vaghefi et al. (2011) 

utilized T1-weighted MRI imaging to spatially map lens water content. T1 imaging provides a 

quantitative measurement of the spin-lattice relaxation time of water molecules and is 

dominated by the local free water content. Using this approach, Vaghefi et al. showed that 

pharmacological inhibition of microcirculation system, by organ culturing the lens in either 

ouabain or High K+ solutions (Figure 1-10A), disrupted the steady state water gradient in the 

bovine lens (Vaghefi et al., 2011). Interestingly, although these two perturbation protocols were 

both used to inhibit the lens microcirculation system, they had different effects on the 

distribution of free water content in the bovine lens (Figure 1-10B). While incubating lenses 

in High K+, to depolarize the membrane potential caused, caused an overall increase in water 

content throughout all regions of the lens, treating lens with ouabain to block the Na+/K+ 

ATPase activity produce a significant increase in free water, which was predominately 

localised to the lens nucleus (Figure 1-10C).  

Taken together, these results confirm that under normal steady-state conditions, a gradient of 

water concentration exists in the lens, which is now known to be actively maintained by the 

microcirculation system. Furthermore, disruption of the microcirculation can result in 

regionally distinct changes to free water content that has the potential to alter lens volume, 

GRIN, and therefore the refractive properties of the lens. 
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Figure 1-10: MRI-based mapping of free water content in organ cultured bovine lenses. (A) Colour maps of 

T1-weighted MRI from bovine lenses cultured in either AAH, High-K+, or ouabain to inhibit the 

microcirculation system. T1 imaging provides a measurement of the spin-lattice relaxation time of water 

molecules and is dominated by the local free water content. Bovine lenses incubated in AAH had a lower water 

content in the core than the outer cortex, showing a water concentration gradient, which was dissipated by blocking 

the circulation system using High K+ or ouabain. (B) Line profiles of free water content (T1 values) extracted 

through the equatorial axis of lenses incubated in AAH (green), High-K+ (red), and ouabain (blue) are plotted 

against the relative distance into the lens (r/a), where 0 and 1 represent the lens center and periphery, respectively. 

(C) Average T1 values obtained from the outer cortex (OC), inner cortex (IC), and nucleus (N) regions of bovine 

lenses incubated in different treatment conditions showing that High-K+ (red) caused an overall increase of water 

content (higher T1), while the major effect of ouabain (blue) was to increase the water content specifically in the 

lens nucleus. Image adapted from (Vaghefi et al., 2011, 2015). 

https://www-sciencedirect-com.ezproxy.auckland.ac.nz/topics/medicine-and-dentistry/ouabain
https://www-sciencedirect-com.ezproxy.auckland.ac.nz/topics/medicine-and-dentistry/spinlattice-relaxation
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1.4.2 Active water transport contributes to the maintenance of the refractive 

properties of the lens and overall vision quality 

The changes in free water content induced by inhibiting the microcirculation system (Vaghefi 

et al., 2009, 2011) raise the possibility that the microcirculation may regulate the refractive 

properties of the lens by actively maintaining the lens shape and GRIN. To investigate whether 

MRI can be used to measure the GRIN, Vaghefi et al. (2015) utilized T2-weighted imaging to 

measure the water to protein ratio, which is inversely proportional to refractive index (Jones & 

Pope, 2004). By using this approach, they showed that the accumulation of water observed by 

inhibiting the lens fluid circulation with ouabain or High K+ not only differentially altered the 

geometry (Figure 1-11A) but also changed the GRIN distribution(Figure 1-11B-D) of organ 

cultured bovine lenses (Vaghefi et al., 2015).   
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Figure 1-11: The effect of inhibiting the lens microcirculation system on the refractive properties of organ 

cultured bovine lenses. (A) Representative geometrical profiles of lenses cultured in either control, High-K+, 

or ouabain obtained by using the average values for these lens surface radii, conic factor, and thicknesses measured 

by MRI. Lenses incubated in High K+ solution formed a rounder shape with a slight increase in the lens axial 

thickness. In contrast, incubating lenses in ouabain solution to block the Na+/K+ pump resulted in even more 

spherical geometry. (B) Maps of GRIN calculated from T2 profiles of lenses organ cultured in AAH, High-K+ or 

ouabain. T2 as an MRI parameter measures the transverse relaxation time that quantifies the interactions between 

water and protein protons (the water-bound protein ratio) and can be retrieved from MRI images obtained using 

a 2D multiple-spin echo (MSE) sequence scan. The T2 signal measured the local water/protein ratio in different 

regions of the lens and was converted into refractive index maps using a calibration equation. (C) Line profiles of 

refractive index (n) extracted through the equatorial axis of lenses cultured in AAH (green), AAH-High K+ (red), 

or AAH + ouabain (blue) are plotted against the relative distance into the lens (r/a), where 0 and 1 represent the 

lens center and periphery, respectively. (D) Average refractive index values obtained from the outer cortex (OC), 

inner cortex (IC), and nucleus (N) regions of bovine lenses incubated in different treatment conditions. AAH-

High K+ caused a global reduction in refractive index in all regions of the lens. Ouabain decreased the refractive 

index in the lens periphery but increased it in the lens nucleus. Images adapted from (Vaghefi et al., 2015). 

https://www-sciencedirect-com.ezproxy.auckland.ac.nz/topics/medicine-and-dentistry/ouabain
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To assess what effects these changes in lens geometry and GRIN have on the refractive 

properties of the organ cultured lenses, an optical ray-tracing software package, ZEMAX, was 

utilized by Vaghefi et al. to calculate lens power and spherical aberration for the different 

treatment conditions (Vaghefi et al., 2015). Using this simulation approach, Vaghefi et al. 

showed that depolarizing the lens membrane potential with High K+ had a small effect on the 

lens refractive power due to the opposing changes in surface curvature and GRIN, but 

significantly decreased the negative spherical aberration observed in the bovine lens. In 

contrast, treatment with ouabain induced a more significant increase in lens refractive power 

and a decrease in spherical aberration that was driven by the increase in both lens curvature 

and GRIN. Furthermore, by integrating the optical model of the bovine lens into a ZEMAX 

model of the whole bovine eye, Vaghefi et al. was able to determine what impact the changes 

to the refractive properties of the lens had on overall vision quality (Vaghefi et al., 2015). This 

involved first choosing an appropriate vitreous chamber thickness of the model eye to 

determine its optimum focal length. With the focal length set to its vitreous chamber thickness, 

the authors then utilized the image simulation function in ZEMAX to visualize the effects of 

the changes to the refractive properties of the lens, induced by High K+ and ouabain, had on 

the overall image quality produced by the model eye. Using this modelling approach, a 

significant blurring and optical distortion of the stimulated image was observed with both 

perturbations (Figure 1-12), suggesting that inhibiting the lens microcirculation system not 

only changes the optical properties of the lens, but can also have impacts on the overall vision 

quality of the bovine eye.  
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Figure 1-12: Inhibition of lens fluid circulation system alters image quality of a model bovine eye. The image 

simulation function of ZEMAX was used to determine the ability of the model bovine eye to reproduce an input 

image of a young child. This analysis was performed using a fixed-focal length given by a predetermined vitreous 

chamber depth obtained from a model bovine eye. Images at the fixed focal lengths are shown for lenses with 

either AAH, High K+, or ouabain treatment. Inhibition of the microcirculation by High K+, or ouabain clearly 

blurs the image perceived by the bovine eye. Image adapted from (Vaghefi et al., 2015). 

In summary, these MRI studies have illustrated the important role of the lens microcirculation 

in actively maintaining the lens internal water content and its refractive properties. Hence, any 

failure of the lens to maintain its internal water movement, and therefore the steady state water 

content, will affect not only lens geometry (cell volume), but also the GRIN (water/protein 

ratio), which together determine the refractive properties of the lens, and ultimately the overall 

vision quality of images perceived by the eye. Hence, it is not surprising that the hydrostatic 

pressure gradient that is generated by the outflow of water through gap junction channels is so 

highly regulated, as changes in water transport can alter overall lens optics. However, no 

experiments to date have been performed to directly link the changes in the pressure gradient 

to changes in lens optics. The goal of my PhD project was, therefore, to develop the necessary 

experimental approaches to test the hypothesis that the regulation of the lens internal pressure 

is actively involved in the maintenance of the refractive properties of the lens (geometry and 

GRIN), and therefore its overall optics.  
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1.5 Thesis objectives 

The overarching goal of my thesis was to test the hypothesis that regulation of the lens water 

transport (pressure gradient) is directly linked to changes in the lens optics. In this thesis, I have 

chosen to utilise the bovine lens as our animal model, not only because the larger size of these 

lenses makes them more compatible with optics measurements, but also due to the fact that 

much of our current understanding on the physiological optics of the lens has been gained by 

studying the bovine lens (Donaldson et al., 2017). However, since the pressure experiments 

discussed above were conducted using the smaller mouse lens, the first part of my PhD project 

was to determine whether bovine lenses also utilise the microcirculation system to generate an 

intracellular hydrostatic pressure gradient, which is are regulated by a similar dual feedback 

mechanism that is mediated by TRPV1 and TRPV4 channels. Once the regulation of the 

pressure gradient in the bovine lens was established the second part of my PhD was to utilise 

an existing Laser Ray Tracing system to determine whether the TRPV1/4-mediated dual 

feedback system can be modulated to alter the optical properties of the bovine lens. The specific 

aims associated with each part of my PhD project are below. 

1.5.1 Part A: Establishing that the bovine lens generates an intracellular hydrostatic 

pressure gradient that is regulated by a TRPV1/4 mediated dual feedback 

pathway (Chapters 3 to 5)  

In this part of my PhD project the specific goals were to: 

 To obtain training in the measurement of intracellular hydrostatic pressure in the mouse 

lens from our collaborators in the Department of Physiology and Biophysics at the State 

University of Stony Brook. 

 To set up and validate a pico-injector based pressure measurement system in Auckland 

that was capable of measuring pressure in the larger bovine lens.  

 To determine that the pressure gradient in the bovine lens is generated by the 

microcirculation system. 

 To determine whether the bovine lens expresses TRPV1 and TRPV4 channels and to 

map the subcellular distribution of those channels. 
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 To determine if the pressure gradient in the bovine lens is regulated by a dual feedback 

pathway mediated by TRPV1 and TRPV4 channels.  

The results obtained in this first part of my project confirmed, that like in the mouse lens, the 

microcirculation system in the bovine lens generates a hydrostatic pressure gradient the 

magnitude of which is regulated by a TRPV1/4-mediated dual feedback control system. 

1.5.2 Part B: Studying the effects of modulation of the pressure gradient on the 

optical properties of the bovine lens using laser ray tracing (Chapter 6 & 7) 

In the second part of my thesis I utilised a LRT system to assess whether altering the pressure 

gradient had any effect on the optical properties of the lens to address the following aims:  

 To develop and validate a new LRT scanning protocol that was capable of capturing 

the changes in lens power that were on the same time scale as the observed changes in 

lens pressure.  

 To determine whether the pharmacologically induced changes in lens pressure caused 

by the activation of TRPV1 or TRPV4 channels had any effect on lens power. 

 To determine what effects pharmacologically induced changes in lens pressure had on 

the relative contributions of lens geometry and GRIN to overall power, spherical 

aberration and vision quality. 

By using this dual experimental approach of measuring lens pressure and optics in the bovine 

lens, I was able to test our over-arching hypothesis that the pressure gradient regulates the 

optical properties of the lens. My results were consistent with a role for the microcirculation 

system in regulating the optical properties of the lens, but we have to rethink the role of the 

pressure gradient in maintain lens steady state optics. This rethink has resulted in the 

development of a new model to explain the relationship between the pressure gradient, free and 

protein bound water and the maintenance of the ley parameters, geometry and GRIN, that 

maintain the optical properties (power and spherical aberration) of the lens. This new model is 

presented in the final discussion and offers new insights into how the optical properties of the 

lens change with age and lead to the development of lens cataract.   
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 Methods 

This chapter describes the final experimental setup and protocols adapted and optimized during 

this thesis to localise TRPV1 and TRPV4 in the bovine lens, to measure intracellular 

hydrostatic pressures in rodent and bovine lenses, and to measure the optical properties of 

bovine lenses. Where appropriate, the details associated with the optimization of the methods 

are included in the relevant result chapters, while a more detailed discussion of the theoretical 

and technical aspects of the application of laser ray tracing to measure the optical properties of 

the bovine lens is included in Appendix B. 

2.1 General laboratory procedures 

All experimental procedures were performed with extreme care following the University of 

Auckland Health and Safety guidelines to ensure safety and minimize potential contamination. 

A laboratory coat was worn at all times, and face masks and general safety glasses were also 

worn when necessary and appropriate. Laser safety glasses were worn when operating lasers 

to provide protection from the reflected laser light and direct beam exposure. Workstations and 

equipment were routinely cleaned with 70% ethanol, and all glassware was washed and 

autoclaved before use. Experiments on adult mice and rats were carried out in accordance with 

the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, which were 

approved by the University of Auckland Animal Ethics Committee (Ethics number R001893). 

2.2 Solutions and buffers  

All reagents were obtained from Sigma Chemical Company, St. Louis, MO, unless otherwise 

noted, and were usually of analytic grade or the highest purity commercially available. Where 

noted, pH was measured with an ISFET pH Meter KS701 (Total Lab Systems Ltd, Auckland, NZ) 

and adjusted using NaOH or HCl. The osmolality of the solutions was measured using an 

osmometer (Vapro; Wescor, Utah, USA) and adjusted using NaCl if necessary. The 

composition of the isotonic Artificial Aqueous Humor (isotonic AAH, Table 2-2) solution 

mimics the make-up of standard aqueous humour, which bathes the lens.  
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Table 2-1: General experimental solution composition. 

 

General experimental solution composition 

Solution Recipe 

Phosphate buffered 

saline (PBS) 

137 mM NaCl, 2.7 mM KCl, 10 mM phosphate buffer, pH 7.4 

(five Phosphate buffered saline tablets, P4417 Sigma‐Aldrich, 

dissolved in 1 L Milli-Q water) 

2% Paraformaldehyde 

(PFA) 

2% w/v paraformaldehyde in 0.005 M PBS, pH 7.0~7.5 

(adjusted with 2 mM NaOH) 

4% Paraformaldehyde 

(PFA) 

4% w/v paraformaldehyde in 0.005 M PBS, pH 7.0~7.5 

(adjusted with 2 mM NaOH) 

Normal Tyrode's 

solution 

137.7 mM NaCl, 2.3 mM NaOH, 5.4 mM KCl, 2 mM CaCl2, 1 

mM MgCl2, 5 mM HEPES, and 10 mM glucose; pH 7.4 

Homogenising solution 5 mM Tris (pH 8.0), 5 mM EDTA, 5 mM EGTA 

Tris-buffered Saline-

Tween (TBS-T) 

20 mM Tris, 137 mM NaCl, and 1% v/v Tween-20 (SERVA 

Electrophoresis, Germany), pH 7.6 

Blocking solution 
3% w/v bovine serum albumin (BSA), 3% v/v normal goat 

serum (NGS) in 1x PBS 
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Table 2-2: Artificial aqueous humour (AAH) recipes. 

Artificial aqueous humour (AAH) recipes 

 Isotonic AAH 

High Potassium 

AAH 

(High K+- AAH) 

AAH + 0.5 mM 

Ouabain 

(Ouabain-AAH) 

NaCl (mM) 120 25 120 

KCl (mM) 4.5 100 4.5 

NaHCO3 (mM) 26 26 26 

NaH2PO4 (mM) 1 1 1 

MgSO4 (mM) 0.5 0.5 0.5 

CaCl2 (mM) 2 2 2 

Glucose (mM) 5 5 5 

HEPES (mM) 10 10 10 

Osmolarity 

(mOsm) 
290 ± 5 290 ± 5 290 ± 5 

pH 7.1 7.1 7.1 

Ouabain (mM) 0 0.5 
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2.3 Pharmacological reagents 

All pharmacological reagents were purchased from Abcam (Cambridge, MA) and made up to 

working concentrations in bathing media from concentrated stock solutions before use. Such 

dilutions were usually made fresh on the day before starting an experiment. The drugs and 

concentrations used and their storage temperatures are summarized in Table 2-3. 

Table 2-3: Summary of pharmacological reagents used. 

Reagents Effect 
Stock 

Concentration 

Final 

Concentration 
Storage 

Tropicamide 
Relaxation of the 

ciliary muscle 

1% wt/vol; normal 

Tyrode's solution 
0.1% wt/vol +4 °C 

Pilocarpine 
Contraction of the 

ciliary muscle 

2% wt/vol; normal 

Tyrode's solution 
0.2% wt/vol +4 °C 

GSK-1016790A TRPV4 agonist 3 mM; DMSO 30 nM -20 °C 

HC-067047 TRPV4 antagonist 10 mM; Ethanol 10 µM +4 °C 

Capsaicin TRPV1 agonist 10 mM; DMSO 10 µM +4 °C 

A-889425 TRPV1 antagonist 10 mM; DMSO 10 µM -20 °C 
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2.4 Antibodies used 

The primary antibodies and secondary antibodies used for Western blotting (WB) and immunohistochemistry (IHC) are summarized in Table 2-4 

and Table 2-5, respectively. 

Table 2-4: Summary of all primary antibodies used in the study. 

Primary Antibody 
Dilution used 

for WB 

Dilution 

used for IHC 

Company 
Antibody name (catalogue 

number), concentration; 

Control peptide, 

concentration 

Epitope Host species, 

specifications 

1o 1o 

Rabbit polyclonal to TRPV4 

(ab39260), 1 mg/ml; 

Mouse TRPV4 peptide 

(ab39471), 1 mg/ml 

 

Synthetic peptide conjugated 

to KLH derived from within 

residues 850 to the C-

terminus of mouse TRPV4 

Rabbit, also reactive to 

mouse and horse 

2 µg/ml 1:100 Abcam 

(Cambridge, 

MA) 

Rabbit anti-TRPV1 C-

terminus antibody (ACC-

030), 1 mg/ml; 

ACC-030_Antigen, 0.4 mg/ml 

The peptide corresponding to 

amino acid residues 824–838 

of rat TRPV1 protein 

Rabbit, but 

can recognize TRPV1 

from mouse, rat, and 

human samples 

2 µg/ml 1:100 Alomone 

Labs 

(Jerusalem, 

Israel) 
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Table 2-5: Summary of the secondary antibodies used in the study. 

Secondary Antibody/ Label  Species specificity  Dilution Application Company 

Alexa Fluor® 488   Goat anti‐rabbit 1:200 IHC Life Technologies 

Horseradish Peroxidase (HRP) Goat anti‐rabbit 1:10000 Western Blotting Life Technologies 
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2.5 Mouse and rat lens dissection 

Six to eight week old C57BL/6 wild-type mice and three to four week old Wistar rats of either 

sex were sacrificed by CO2 asphyxiation. Ocular globes were then rapidly removed from 

animals post-mortem and transferred to a petri dish containing pre-warmed AAH. Dissection 

was carried out under a variable power binocular dissecting microscope (Nikon – Tokyo, 

Japan). To obtain lenses suspended by their zonules, a pair of micro-scissors (World Precision 

Instruments - Sarasota FL, USA) were used to cut around the globe close to the limbus to 

enable the cornea, iris, and optic nerve to be removed from the globe. Four incisions were made 

in the sclera with the posterior surface of the globe facing up, starting from the optical nerve 

towards the limbus (Figure 2-1). The vitreous humour was then removed before pining the 

resulting sclera flaps to the bottom of the recording chamber, which had a layer of agar across 

its bottom. This dissection and pining process enabled access to the posterior surface of the 

lens for the pressure microelectrode, while preserving the zonular tension applied to the lens. 

To obtain lenses that were not attached to the ciliary body by the zonules, four sclera insertions 

were made as above, but the eye was then inverted inside out by holding two of the flaps with 

sharp forceps. A custom-made glass loop was then used to carefully remove the lens from other 

ocular tissues and to transfer it to the recording chamber. Lenses were manipulated with the 

utmost care – usually being dissected free without touching the lens with any metal implements. 

Rough handling of lenses produced visible opacities that developed within a few minutes and 

became evident to the naked eye within the 1 hour “screening time” incorporated into the 

experimental protocols to specifically exclude damaged lenses from further analysis.  

To preserve the native three-dimensional structure of the ciliary body, zonules, and lens for 

subsequent imaging, 2-month-old mouse eyes were fixed with 4% PFA, while maintaining 

intraocular pressure using the method described by Bassnett (2019). After fixation, the 

posterior sclera and retina were removed. The ciliary body and lens were photographed using 

a dissecting stereo microscope (Leica MZ16, Leica Microsystems, Wetzlar, Germany). The 

distance between the lens and the ciliary body, defined as the cirumlental space was measured 

using ImageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, 

Maryland, USA).  
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Figure 2-1: Mouse lens dissection. (A) Side view of the globe showing the cornea (C), the lens (L), the sclera 

(Sc) and the optical nerve (ON). (B) Posterior view of the globe showing the four incisions to be made that started 

from the ON. (C) The four flaps of Sclera were pinned to the bottom of the recording chamber using dissecting 

needles (P). (D) Impalement of a microelectrode (M) into the lens with zonular ligaments attached (ZL). Image 

adapted from (Webb, 2006).
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2.6 Bovine lens dissection 

Ocular globes from ~2 year old cows of either sex were used in all experiments. Eyes were 

collected within four hours post mortem from a local abattoir (Auckland Meat Processors Ltd., 

Otahuhu, Auckland) and transported to the laboratory for dissection to mount the lens and 

ciliary body in a customized ring adaptor (Figure 2-2). This ring adaptor developed in the 

MVL was used to maintain the relative position of the lens and the ciliary body and was 

custom-made from the lids of Sports-Lok e2-orange drink bottles (The CocaCola Company, 

California, USA). It consists of a tamper band (white) and annular ring (black) that were used 

as a pair of inter-locking rings to secure the ciliary body (Figure 2-2A, RA), enabling the in 

situ tension applied to the lens via the zonules to be maintained.  The dissection of the globe 

was initiated by cutting through the posterior sclera surface and around two-thirds of the globe 

to expose the components of the posterior chamber of the eye (Figure 2-2B). The vitreous body 

was then removed from the exposed posterior chamber by using a large glass loop. The 

remaining third of the globe was then cut so that the lens and the anterior chamber of the eye 

were completed separated from the posterior chamber (Figure 2-2C). The whole anterior globe 

was transferred and mounted on the annular ring to maintain the globe’s shape and integrity, 

while the cornea, iris, and remaining scleral tissue was separated from the choroid at the limbus 

using sharp scissors and forceps (Figure 2-2D). The tamper band (white) was then placed on 

top of the lens and ciliary body. Light pressure was applied to the tamper ring until it clicked 

into the underlying annular ring click to lock the ciliary body-lens preparation in place (Figure 

2-2E). Using this dissection procedure, it proved possible to preserve the orientation between 

the ciliary body and lens and thereby maintain the in situ tension applied to the lens by the 

zonules (Figure 2-2F). To extract isolated bovine lenses, the sclera and vitreous body were 

removed as described above, but the lens was then freed from the ciliary body by cutting around 

the zonules with curved sharpened scissors. Following dissection, isolated lenses or lenses 

mounted in the ring adaptor were placed in a petri dish filled with warm AAH before transfer 

to recording chambers in either the pressure or laser ray tracing setups.  
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Figure 2-2: Bovine lens dissection. (A) Image showing the bovine lens ring adaptor (RA) and enucleated bovine 

eyes. (B) To expose the posterior chamber, an incision in the sclera was made around two-thirds of the globe to 

expose the vitreous humor in the posterior chamber, including vitreous humor (VH) and the lens. (C) Posterior 

view of the tissues showing the lens (L), zonular ligaments (ZL), and remaining sclera (S). (D) Removing the 

remaining sclera from the other tissues. (E) Attaching the RA to the tissue. (F) Image showing the final dissected 

bovine lens with zonules attached. 
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2.7 Western Blotting 

2.7.1 Protein Preparation 

Protein fractions were prepared from bovine lens, and kidney which served as control tissue. 

Kidneys were obtained from a local butchery and transported back to the laboratory where any 

adhering membranes or fat deposits were first removed before homogenizing the tissue. Lens 

protein preparations were collected from either four whole bovine lenses or six lenses that had 

first been dissected into the epithelial, outer cortical, and inner cortex/core fractions. To 

separate different lens fractions, lens capsule along with its adherent epithelial cells was first 

separated from the bulk of the lens mass by using a pair of sharp forceps. The most superficial 

soft and jelly-like outer cortical fibres, were peeled away and pooled as the outer cortex fraction 

(~40% total lens mass), and this left the remaining mass of tissue as the core fractions (~50% 

total lens mass). 

All bovine tissues were first homogenized using a handheld homogenizer (Ultra-Turrax, Ika, 

Germany) in homogenising solution and then centrifuged at 13,200 rmp for 30 mins at 4 °C. 

The crude supernatant was removed and kept as the lens soluble protein fraction (S). The 

remaining pellet was then re-suspended in lysis buffer and centrifuged two more times to wash 

the preparation, and kept as the crude lens membrane protein (P). The collected supernatant 

and pellet were then divided in aliquots and stored at −80 °C if not analysed on the same day. 

To ensure equal loading, protein concentrations in each fraction were determined using an 

infrared based protein quantitation system (Direct Detect® Merck Millipore). 

2.7.2 Western blot protocol 

Protein samples were pre-incubated with loading dye without β-mercaptoethanol for 5 mins at 

room temperature. 200-250 µg of lens protein samples and 50 µg of positive control kidney 

samples were loaded and separated on a 7.5% SDS PAGE gel before being transferred to a 

polyvinylidene difluoride membrane by electrophoresis for 1 hour at 170 mA. The membrane 

was incubated with blocking solution (5% milk in 1x TBS-T) for 1 hour at room temperature 

with rocking and washed twice with Milli-Q water, followed by three, 10 min TBS-T washes. 

The membranes were then incubated overnight at 4 °C with specific primary antibodies against 

TRPV1 or TRPV4 at 2 μg/ml in antibody solution (50 mM EDTA, 0.5 g Bovine serum 

albumin (BSA) dissolved in TBS-T), followed by incubation with secondary antibody goat 
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anti-rabbit HRP at 1:10000 dilutions for 1 hour at room temperature. The washed membranes 

were developed using enhanced chemiluminescent assays (ECL) select developing kit 

(Amersham/GE Healthcare Life Sciences, United Kingdom) for 5 mins and imaged using a 

Fujifilm LAS 3000 Imager (Fujifilm Medical Systems, USA). 

Negative control experiments for TRPV1 and TRPV4 followed identical procedures described 

above except that primary antibodies were first pre-adsorbed using a 20-fold excess of their 

corresponding antigenic peptides for 2 hours at 37˚C with rocking. The complexes were then 

centrifuged at 13,200 rpm for 30 mins, and the resultant supernatants were used for labelling 

instead of the primary antibodies.  
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2.8 Immunohistochemistry 

2.8.1 Fixation, cryoprotection and cryosectioning of bovine lenses 

Freshly dissected isolated bovine lenses were fixed using 2% PFA in PBS with 0.01% 

glutaraldehyde for 72-84 hours at room temperature, following protocols established in the 

Molecular Vision Laboratory by Romell B. Gletten. The fixed lenses were then washed 3 times 

in PBS for 20 mins at room temperature and subsequently cryoprotected in 10% sucrose in 

PBS for 1-2 days at 4 °C, and for 1 hr each in 20% and 30% sucrose solution at room 

temperature. Lenses were then kept at 4 °C in 30% sucrose for 10 days prior to sectioning. 

To section the fixed and cryoprotected bovine lenses, cryostat chucks were first covered with 

Tissue-Tek Optimal Cutting Temperature medium (OCT, Sakura Finetek USA Inc.), before 

freezing the chucks to form a base to which the lenses were adhered to. Bovine lenses were 

then removed from the 30% sucrose solution, rolled on a paper towel to remove excess solution 

before being covered with OCT for 5-10 mins. To obtain equatorial sections, the lens was 

placed with its anterior pole facing down onto the chuck and orientated so that the lens equator 

was parallel to the surface of the chuck. The chuck with the mounted lens was then snapped 

frozen in liquid nitrogen for 13-15 seconds before being placed into the cryostat (at -20 °C) for 

at least 20-30 mins before commencing sectioning. 

Sections were cut to a thickness of 16 μm using a cryostat (CM3050; Leica Microsystems, 

Wetzlar, Germany) and collected using uncharged microscope slides pre-wetted with a few 

drops of PBS to keep the section moist. Collected sections were then washed three times in 

PBS for 5 mins to remove the excess OCT, before being stored at 4 ˚C in an air‐tight humidity 

box until required for immunolabelling. 

2.8.2 Immunolabelling 

Lens sections were first permeablized using 0.2% TritonX -100 in PBS for 15 mins and then 

treated with blocking buffer (150 μL/section) for 1 hour at room temperature. TRPV1 and 

TRPV4 primary antibodies were diluted in blocking buffer using the optimised concentrations 

shown in Table 2-4 and applied to the sections overnight at 4 °C. Sections were then washed 

three times for 5 mins in PBS, before being incubated for 2 hours at room temperature in the 

dark with secondary antibody (goat anti-rabbit IgG conjugated with Alexa Fluro 488, Table 2-

5) diluted to 1:200 in blocking solution. After further washing, sections were incubated in a 
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PBS solution containing the cell membrane marker, wheat germ agglutinin (WGA) conjugated 

to an AlexaFlour® fluorophore 594 (1:100), together with 0.125 μg/ml DAPI for fluorescent 

labelling of nuclei for another 2 hours in the dark at room temperature. Slides were then washed 

three times for 5 mins in PBS, and excess solution removed before the application of an anti-

fade mounting medium (VECTASHIELD® HardSet™, Vector Laboratories, California, USA). 

Finally, slides were mounted with a coverslip (Thermo Fisher Scientific Inc), sealed with nail 

varnish, and then stored at 4 °C in the dark until analysed using confocal microscopy. 

2.8.3 Confocal microscopy and image processing  

Sections were imaged using a laser scanning microscope (FV1000 Confocal Microscope, 

Olympus Corporation, Tokyo, Japan), located in the Biomedical Imaging Research Unit (BIRU) 

at the University of Auckland. Specific emission filters were used to distinguish signals from 

different fluorophores. Lower magnification images were obtained at the resolution of 

0.19-0.39 μm/pixel, and higher magnification images were obtained at 0.078 μm/pixel in areas 

of interest. Merging and processing raw images obtained from separate channels were carried 

out using Adobe® Photoshop® Version: 20.0.6 (Adobe Systems Incorporated, San Jose, 

California, USA). 
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2.9 Hyperbaric treatment 

Isolated bovine lenses were placed anterior side up in plastic containers containing 20 ml of 

AAH supplemented with antibiotics (penicillin, streptomycin, and neomycin) pre-warmed to 

37 °C. Prior to the treatment, the containers were sealed with parafilm (Bemis NA, WI, U.S.A.), 

and 10 small holes were made to enable gas exchange. Sealed containers were placed inside a 

high pressure vessel (‘Cell Disruption Vessel’, Parr Instrument Company, Moline, IL, U.S.A), 

immersed in a water bath maintained at 37 °C to keep the temperature of the bathing solution 

constant. The vessel was then connected to a tank of either 100% oxygen or nitrogen gas, to 

induce hyperbaric oxygen (HBO) or hyperbaric nitrogen (HBN) exposure, respectively. To 

displace ambient air inside the chamber, the vessel was initially flushed with gas shortly prior 

to being pressurized over 10 mins to 100 atm. Gas taps were then disconnected, and the vessel 

was left for 15 hours. Following the 15-hour HBO or HBN exposure, the vessel was gradually 

depressurized over a period of 30 mins to avoid the tissue damage due to freezing caused by 

rapid decompression. The treated lenses were then removed from the vessel transferred to a 

recording chamber filled with AAH, and ready for the post-treatment pressure measurement. 
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2.10 Lens intracellular hydrostatic pressure measurement 

The pressure measurement system described in the following methods represents the final 

design established in Auckland to characterize intracellular water movement in lenses from 

different species presented in Chapter 4 and 5. The rationale for the establishment and the 

modifications made to the system are described in Chapter 4.  

2.10.1 Whole lens electrophysiological pressure measurement setup 

The system established in Auckland utilises a conventional microelectrode voltage-clamp 

amplifier and a pico-injector based pressure regulator (Figure 2-3). Microelectrodes for all the 

experiments were pulled from borosilicate glasses (Standard wall borosilicate with filament, 

G150F-10, Havard Apparatus, USA) using a pipette puller (P-77 Micropipette puller Sutter 

Instrument Co, Novato CA, USA). They had a resistance of between 1.5 to 2.5 MΩ when 

backfilled with 3 M KCl. Microelectrodes were freshly made just before starting an experiment 

to minimise microelectrode breakage or clogging due to dust aggregation during storage. The 

reference electrode consisted of an Ag/AgCl half-cell connected to the recording chamber via 

a 3 M KCl agar bridge. Microelectrodes were attached to the head stage of the amplifier (TEV-

200 Dagan Corporation – Minneapolis, MN, USA), which was used to measure the 

microelectrode tip resistance by passing 10 nA current pulses through the microelectrode and 

recording the corresponding voltage response. Microelectrode tip resistance recordings were 

sampled at 1 k Hz using a DigiData 1550B A/D converter (Axon Instruments, Union City CA, 

USA), and recorded using AxoScope (Axon Instruments, Union City CA, USA), which was 

run on a Celeron 500 MHz PC that operated under Windows 10™. The microelectrode was 

mounted in an electrode holder (ALAPPH-1P-BNC, ALA Scientific instruments INC, NY, 

US), which had a side port that was connected to the pico-injector (PLI-100, Harvard Apparatus, 

Holliston, MA, USA) that delivered applied pressures for a digitally set periods. The pressure 

output of the pico-injector was recorded and monitored by the A/D converter.  For experiments 

with isolated lenses, a positioning microelectrode connected to the second headstage was used 

to hold the lens in place during the impalement of the lens with the pressure measuring 

microelectrode. Both headstages were connected to separate micromanipulators (M3301R & 

M3301L World Precision Instruments, Sarasota FL, USA), which were in turn attached to the 

stage of a dissecting microscope (SZ61 Zoom Stereo Microscopes, Olympus, Tokyo, Japan). 

The angle between the microelectrode tip and lens surface was adjusted to be 45° (Figure 
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2-3B). This electrophysiological system was placed on a vibration table (Newport Corporation, 

Irvine CA, USA) and covered by a Faraday cage to minimize vibration and electrical noise. 

 

Figure 2-3: Pico-injector based pressure measurement system setup. (A) Equipment rack - from top Digidata 

1550B digitizer, bipolar peltier controller, Pico-injector, TEV-200A Voltage clamp amplifier, PC computer. (B) 

Dissecting scope with electrophysiological system layout, including headstages, reference electrode with Agar 

Bridge, electrode holders, and microelectrodes. 

2.10.2 Pressure measurements 

Intracellular hydrostatic pressures were measured as described in Gao et al. (2011). Lenses 

with or without prior treatment were placed in the recording chamber that contained AAH, and 

transferred to the pressure measurement system. All microelectrodes were positioned laterally 

to the lens axis, and the pressure measuring microelectrode was then lowered into the bath. The 

microelectrode offset was then zeroed on the amplifier, and measurements of microelectrode 

resistance (Re) were captured by passing square-wave current pulses with an amplitude of 

10 nA at a frequency of 100 Hz, to establish the baseline resistance prior to impalement of the 

lens (Figure 2-4).  To impale the lens, the microelectrode was first placed closed to the lens 

and then gradually advanced until the lens surface was visibly dimpled. Then a gentle “tap” to 

the rear of the microelectrode holder was applied, which resulted in a stepwise penetration of 

some 20-30 μm into the lens cortex. Successful impalement of the lens resulted in the 

immediate recording of a hyperpolarized membrane potential of ~-25 mV and ~-65 mV in 

healthy bovine and rodent lenses, respectively, and an increase in microelectrode resistance 

(∆R). The increase in tip resistance was deemed to be due to the positive intracellular 
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hydrostatic pressure within the lens that pushed lens cytoplasm into the microelectrode tip.  To 

counter this intracellular pressure, an exogenous pressure was applied to the microelectrode by 

the pico-injector connected to the microelectrode holder to push the cytoplasm from the tip and 

return the microelectrode resistance to the value first recorded in the bath prior to impalement 

of the lens (Figure 2-4). This applied pressure was then taken as the lens intracellular 

hydrostatic pressure at that specific location in the lens.  

 

Figure 2-4: Example of a microelectrode voltage response obtained during a pressure measurement 

experiment. Re is the microelectrode tip resistance measured in the bath quantified by passing square current 

pulses (10 nA at 100 Hz) through the microelectrode while monitoring the voltage response. The amplitude of the 

responding voltage steps divided by the applied current gives the Re before the experiment. Advancing the 

microelectrode into the lens fibre cell resulted in positive changes in the microelectrode tip resistance (∆R), which 

was a result of influx of higher resistance intracellular cytoplasm into the tip that occurred due to the relatively 

higher intracellular pressure acting on the microelectrode–intracellular solution interface. Sufficient pressure was 

applied to the microelectrode to push the cytoplasm out of the microelectrode tip to restore its resistance to the 

value initially recorded in the bathing solution. At the end of the experiment, the microelectrode was pulled out 

of the lens, and the applied pressure was withdrawn, and tip resistance re-measured the bathing solution. A change 

in tip resistance of less than 0.3 MΩ before and after the experiment suggests that there was minimal change in 

the microelectrode tip, and the data was accepted for the following processing. 

Two types of pressure measurements were conducted, and all the pressure measurements were 

performed at room temperature. To measure the pressure gradient across the lens, the diameter 

of the lens was first measured using a stereo microscope (MZ125, Leica Microsystems, 

Nussloch, Germany) fitted with an appropriate grid scale (2 mm for the bovine lens; 0.5 mm 

for mouse and rat lenses), before transferring the tissue to the pressure measurement system. 

After the initial impalement, the microelectrode was advanced in a step-wise fashion towards 

the lens center along a track that started at 45° between the posterior pole and equatorial surface 

using the control knobs on the manipulator. The distance of the tip of the microelectrode from 

the lens surface was measured by reading the values marked on both the Vernier scales, which 

allow readings to 0.1 mm, and X-axis fine control, which allows readings to 10 μm. Subtracting 

these values from the lens radius gave an estimation of the position of the microelectrode within 
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the lens relative to the lens core, and allowed plots of pressure versus normalised distance to 

be obtained.  To study how lens pressure is regulated, the position of the microelectrode was 

held constant, and changes in hydrostatic pressure (Δp) at the lens surface in response to 

pharmacological manipulation were recorded as a function of time. At the end of both 

experimental protocols, the microelectrode was withdrawn from the lens to the bath. The 

microelectrode resistance was re-measured to assess whether the observed changes in 

resistance observed during the experiment were not in fact, due to clogging or breakage of the 

microelectrode tip. A more detailed discussion on how clogging and damage of the 

microelectrode tip affect the lens pressure measurement is given in Chapter 4. Only 

experiments in which the final microelectrode resistance was within ± 0.3 MΩ of the initial 

resistance were deemed successful and included in further analysis (Figure 2-4). 
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2.10.3 Data analysis and curve fitting 

Pressure data from the Voltage Clamp TEV-200 amplifier was displayed using the Axoscope 

10.9 software (Molecular Devices, Union City, CA) at a sampling rate of 1k Hz. To improve 

the signal to noise ratio, background noise was filtered out from the raw traces collected using 

a low-pass 25-point box-car filer Clampex 9.2 (Axon Instruments, Union City CA, USA). The 

raw voltage (mV) data was then converted to pressure (mmHg) using a calibration curve 

obtained by replacing the microelectrode with a digital monitor (GDH 200-07 Digital Fine 

Manometer, Greisinger, UK).  Different pressures were applied to the monitor by adjusting the 

pico-injector output, and the resultant change in pressure was recorded to produce a calibration 

curve (Figure 2-5).  

 

Figure 2-5: Voltage-pressure calibration curve. A representative voltage-pressure calibration curve was used 

to convert the pressure readout recorded by the A/D converter in mV into real-world mmHg units. 

To quantify the radial gradient of hydrostatic pressure, data obtained from the same species or 

the same treatment groups were pooled and curve fit with the quadratic Eqs. 1 and 2: 

𝑃𝑖(𝑟) = (𝑃𝑏 − 𝑃𝑎) ∗
1 −

𝑟2

𝑎2 

1 −  
𝑏2

𝑎2

  + 𝑃𝑎                𝑏 ≤ 𝑟 ≤ 𝑎 (1) 

𝑃𝑖(𝑟) =  𝑃𝑏 + 𝑃𝑐 ∗ (1 −  
𝑟2

𝑏2
)                     0 ≤ 𝑟 ≤ 𝑏 (2) 
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where Pi is the lens intracellular cellular hydrostatic pressure, r is the distance from the lens 

center, a is the lens radius, Pa, Pb, and Pc are the fitting parameters. This curve fitting to the 

data yields the values of Pi (r) at the lens center (r = 0), at the differentiating to mature fibre 

cells (DF to MF) transition (r = b), and at the lens surface (r = a). The quadratic r-dependence 

of pressure suggests that the transmembrane entry of water into fibre cells is essentially uniform 

with depth into the lens (Gao et al., 2011, 2018; Gao, Sun, et al., 2013). The location r = b (b 

≈ 0.85 a) is the transition between differentiating fibres (DF, r ≥ b), located in the lens outer 

cortex that have organelles, and mature fibres located in the inner cortex (MF, r ≤ b), which 

lack organelles. The change in slope of the r-dependence at r = b was included to account for 

the decrease in the number of open gap junction channels in MF relative to DF cells (Gao et 

al., 2011). The fit of hydrostatic pressure at the lens boundary was constrained to be non-

negative, which meant that only positive or zero pressures were present in the intracellular 

compartment of the cells at the lens surface. This assumption was based on the fact that water 

transport leaves the lens at the equator (Candia et al., 2012), and the presence of negative 

pressure at the lens surface cells would result in the entry of water into the lens.  

2.11 Optical measurements of the bovine lens 

The optical properties of the bovine lens were measured using a customised Laser Ray Tracing 

(LRT) system developed in the MVL by a pervious PhD student.  In this section, I give only a 

general description of the LRT system configuration and the experimental protocols used to 

determine and monitor bovine lenses optical properties over time. A more detailed description 

of the theory of the technique is given in Appendix B. 

2.11.1 LRT System configuration 

Dissected bovine lenses were positioned in the LRT incubation/recording chamber (Figure 

2-6A) that consisted of a glass tank and a lens holder. Two custom lens holders made from thin 

stainless-steel sheets (Marine grade 304, 0.55 mm thickness, Steel & Tube NZ) were selected 

in the current study to hold either isolated lenses or lenses mounted in a ring adaptor to maintain 

zonular tension. Both holders were designed to ensure minimal obstruction of lens shape in 

order to facilitate accurate measurements of the lens geometry. A plate with a 12 mm hole 

made in the center was used to hold the isolated lens (Figure 2-6A1), whereas intact lenses 

mounted in the ring adapter were positioned on a lens holder with a 24 mm hole at the center, 

and two cut off annulus segments that were designed to hold the lens ring adapter in place 
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(Figure 2-6A2). In both preparations, the anterior surface of the lens was faced upwards to 

ensure minimal obstruction of the lens geometry. The lens holder was placed in a glass tank 

(Figure 2-6A3) that was pre-filled with either the control AAH solution or other solutions to 

test the effect of pharmacological manipulation of lens cellular physiology on tissue optics. A 

drop of milk (Meadow Fresh Original) was added to the solution to increase light scattering, 

increasing the visibility of the laser beam in the bath.  

The incubation chamber was placed inside a second larger glass tank filled with water heated 

by a heater (AquaOne, 55w heater, Aqua One Australia, https://www.aquaone.com.au/home) 

that was set to maintain the water temperature at 34 ºC (Figure 2-6C1). A green laser diode 

module (Coherent StingRay, Palo Alto, CA) with a wavelength of 514 nm was used in the 

system (Figure 2-6B1, C4). A 0.2 mm custom round laser cut aperture was attached to the 

front of the laser diode to restrict the diameter of the laser beam. A close up of the LRT laser 

delivery setup is shown in Figure 2-6B. The laser diode module (Figure 2-6B1, C4) was 

mounted on a computer controlled rotation stage (model, T-RSWA Edmund Optics), which 

enables laser rays to be delivered at different angles relative to the lens (Figure 2-6B2). The 

rotational stage was fixed to two motorized one-dimensional linear stages (T-LSM200 and T-

LSM025, Zaber Technologies, Vancouver, BC, Figure 2-6B3-B4). The 200 mm linear stage 

(Figure 2-6B3) was used to move the laser across the lens, along the meridional plane, to 

enable the collection of rays at multiple positions along the lens. Paths of each individual laser 

ray were recorded by a front-facing digital camera (Canon EOS 1100D, Tokyo, Japan with 

Canon 50 mm f1.8 lens, Figure 2-6C5), which was also used to take images of the lens 

geometry. When capturing the lens geometry, a computer monitor (Dell model 1908FP) 

positioned behind the lens incubation tank (Figure 2-6C7) was utilized as a diffuse light source 

to generate a dark boarder around the lens edges creating high contrast images for post-image 

processing. A side-facing camera (Canon EOS 1100D, Tokyo, Japan) fitted with Canon 50 mm 

f1.8 lens (Figure 2-6C6), together with the 25 mm linear stage (Figure 2-6B4), was used to 

check and adjust the alignment of the laser rays along the meridional plane of the lens.  

MATLAB scripts were used to integrate all the different components of the LRT system and 

capture user define inputs to perform actions that correspond to experimental procedures. 

Parameters including the total number of rays, number of projections, corresponding projection 

angles, total scan time, and time between each scan sequence were adjusted accordingly 

depending on the purpose of the experiment. The same experimental and processing protocols 

https://www.aquaone.com.au/home
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were used for both isolated lenses and lenses mounted in the ring adaptor.  Two different 

experimental approaches were used to measure the optical properties of bovine lenses.  

 

Figure 2-6: Laser Ray Tracing System. (A) LRT incubation/recording chamber. Stainless steel mounting plates 

with either a 12 mm hole (A1) or a 24 mm hole and two cut off annulus segments (A2) used to hold the isolated 

bovine lens or bovine lenses mounted in a ring adaptor, respectively. The plate holder and lens are then transferred 

to the transparent glass tank (A3) for incubation or optics recording. (B) Close-up of the LRT system laser 

delivery. B1: laser. B2: rotational stage. B3: 200 mm linear stage. B4: 25 mm alignment stage. (C) LRT system 

set up: C1: incubation/recording chamber is placed inside a larger glass tank filled with a heater to maintain a 

constant incubation temperature. C2: 5 mm clear Perspex sheet. C3: mounting post and post bracket. C4: laser. 

C5: front-facing camera to capture laser paths and lens geometry. C6: side-facing camera to check the lens and 

laser alignment. 
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2.11.2 Dynamic measurement of optical power using lens focal length  

To be able to obtain direct measurements of how lens optical power changes over time, 

operating parameters showed in Figure 2-7 were set up in the MATLAB user defined interface 

so that five parallel laser beams orientated perpendicular to the lens were delivered to the lens 

every 10 mins for a total of 120 mins.  

 

Figure 2-7: LRT system user interface generated in MATLAB and parameters entered to run the 

experiment for quick dynamic measurement of lens optical power. Bovine lenses were imaged at 10-min scan 

intervals, consisting of 1 projection (at their 90°) and 5 rays, which corresponds to 5 images per scan at each time 

point. This scan was repeated multiple times to capture the time course of the effect of pharmacological 

interventions on bovine lens optical properties.  

Once the experimental parameters were defined, the lenses were placed in the LRT system. 

The “start” and “end” positons for the scan were defined by manually adjusting the 200 mm 

linear stage to approximately 4 mm away from each equatorial edge of the lens. Alignment 

verification was done by taking alignment images of the laser beams at the defined start and 

end positons as well as the central position (calculated as the half-way point between the start 



Chapter 2. Methods 

57 | P a g e  

 

and end positions) using either the front or the side-facing camera. The side-facing camera was 

first used to capture images of the laser beam at these three positions to ensure that the laser 

was passing through the lens meridional plane. The images were immediately segmented to 

extract the ray paths by detecting the centroids of the rays using a custom-written MATLAB 

code. Alignment errors, defined as the difference in angle between the entering and existing 

rays were then calculated. When the laser is properly positioned, there is a minimal deflection 

of the outgoing ray and no lateral shift of the beam at the three positions. If required, the 25 mm 

linear stage was then used to adjust the laser to ensure that the lens was properly aligned (i.e., 

correct for meridional offset), to ensure that any residual alignment error was within a user-

defined tolerance (< 0.5°). The front-facing camera was then used to capture images of the 

laser beam at the central position to ensure that the laser was passing through the lens optical 

axis. When the laser was properly positioned, minimal deflection of the outgoing ray and no 

lateral shift of the beam were observed. If required, the end position of the scan was adjusted 

and redefined using the 200 mm linear stage to reduce the alignment error (< 0.5°) such that 

the central beam passing through the lens was un-refracted and this gave an estimation of the 

lens optical axis.  

Once the verification of the alignment was completed, parallel laser rays were delivered across 

the lens starting from the first location. The traveling distance between each ray was set to be 

equally spaced so that rays can pass through the paraxial region (~20%) of the lens. A total of 

5 laser paths for each lens were recorded; two either side of the optical axis and one beam 

through the central optical axis of the lens (Figure 2-8A). The front facing camera was used to 

capture images of each individual ray, which were then stored on a PC computer and enhanced 

and measured using custom-written MATLAB code. Ray path segmentation was achieved by 

detecting the centroids of the individual rays, which were determined by finding the maximum 

intensity in the row of the grayscale image obtained from the original RGB images (Figure 

2-8A). These centroids were then subsequently fitted using a robust least squares method 

(Figure 2-8B). All readings were originally in pixels but were subsequently converted to 

distance (millimetres) by calibration using a spherical phantom that had a diameter of 16.2 mm. 

The focal point (FP) of the lens was deemed as the point where two paraxial rays intersect (the 

second and fourth laser beam) (Figure 2-8B). Since lenses were mounted with their posterior 

surfaces closest to the laser, the back focal length (BFL) of the lens was calculated as the 

distance between the focal point (FP) and the lens anterior pole (AP), which was defined as the 

intersection point of the central laser beam with the lens anterior surface. In the representative 
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lens shown in Figure 2-8 the BFL was 38.0 mm and the inversion of this focal length yields 

lens vertex power in diopters (Power = 1/ BFL = 1/ ((38.0) x 10-3) = 26.30 diopters). By 

repeating power measurements every 10 mins, dynamic changes in lens optical power can be 

quantified and monitored over time. Additionally, changes in lens thickness (TA-P) can also be 

monitored by finding the distance between the intersections of the lens anterior (AP) and 

posterior (PP) surface with the central laser beam at each time point.  

  

Figure 2-8: Direct measurement of optical power in a representative bovine lens. (A) A combined image 

showing parallel laser rays delivered at 90° to the surface of a representative lens captured using the LRT system. 

Two rays were set to pass either side of the lens optical axis, and one beam goes through the center of the lens. 

(B) Image of the 2nd and 4th laser ray trajectories traced through the bovine lens showing the focal point (FP) of 

the converging rays that passed through the paraxial regions (~20%) of the lens. PP and AP represent the lens 

posterior and anterior poles, respectively, determined by tracing the central laser beam that passes through the 

lens optical axis and locating the positions where the ray intersects with the lens posterior and anterior surfaces. 

The distance between these poles is measured as lens thickness TA-P. The distance between the lens AP and FP 

yields the lens back focal length (BFL), and the reciprocal of this BFL gives the lens power in diopters.  
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2.11.3 Steady state measurement of lens geometry and GRIN to compute lens power 

Lens power was also calculated indirectly by LRT using measurements of lens geometry and 

GRIN, but these measurements required more time to collect and therefore could not detect 

dynamic changes in lens optics. To acquire sufficient data to extract the GRIN, some 151 laser 

rays were passed through the lens at 4 different projection angles (60°, 70°, 80°, and 90°) every 

60 mins for a total of 240 mins. To be able to scan the entire lens with minimal scattering of 

the beam at the lens edge, the “start” and “end” positions were chosen to be where the beam 

was approximately 1 mm away from each equatorial edge, of the lens. Alignment checking 

was repeated for all projection angles to ensure the lens was aligned correctly. To monitor any 

changes in the lens geometry with time or with different perturbation solutions, an image of 

the lens was captured at the beginning of each defined scan interval. Lastly, a calibration image 

of the phantom was taken to compute the conversion factor. All captured images were stored 

and post-processed off line to retrieve lens geometry and GRIN and calculate lens power. 

2.11.3.1 Retrieve of lens geometry lens parameters 

The geometrical parameters were obtained from images of the bovine lens by fitting the 

aspheric lens equation (Eq. 3) to the anterior and posterior lens surfaces using a custom-written 

MATLAB program 

𝑧(𝑥) =  
𝑥2

𝑅 (1 + 𝑠𝑞𝑟𝑡 (1 − (1 + 𝑘)
𝑥2

𝑅2))

(3)
 

where the optic axis is in the z direction, the equatorial axis is in the x direction, R is the radius 

of curvature (mm), and k is the conic constant. Fitting of the lens equation to the measured 

experimental images from an isolated lens (Figure 2-9A), or a lens mounted in the ring adaptor 

(Figure 2-9B), yielded a subset of lens geometrical parameters that included the lens anterior 

and posterior radii of curvature (Figure 2-9C, D) that were then plotted on a Cartesian plane 

(Figure 2-9E, F). The thickness of the lens was obtained by subtracting the anterior vertex 

from the posterior vertex. The equatorial radius was obtained by calculating the distance 

between the anterior and posterior surface curvatures meet and the sagittal axis. 



Chapter 2. Methods 

60 | P a g e  

 

 

Figure 2-9: Lens geometry retrieval. Experimental setup for scanning an isolated bovine lens (A) and a bovine 

lens mounted in the lens adapter to maintain in-situ zonular tension (B). Fitted aspheric lens equation to the 

anterior (blue) and posterior surfaces (red) of the isolated bovine lens (C) and the intact bovine lens mounted in 

the lens adapter (D). Data points plotted on Cartesian planes for the isolated bovine lens (E) and intact bovine lens 

(G), where blue depicts the edge of the lens anterior surface, and red depicts the edge of the lens posterior surface 

showing the overall geometrical shape of the bovine lens with or without zonular tension applied. 
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2.11.3.2 Retrieve of lens GRIN 

To retrieve lens GRIN from the ray tracing images, ray path segmentation was first carried out 

using the method described in Subsection 2.11.2 (Figure 2-10). To extract the laser paths 

before and after passing through the lens at one projection angle, four nominal points (i.e. A, 

B, C, and D) were defined and acquired (Figure 2-10C). Point A characterizes the points of 

intersection between an arbitrary orthogonal (to the incident rays) plane and the incident rays, 

B characterizes the intersection points where the incident rays intersect with the lens posterior 

surface, C characterizes the intersection points where the refracting rays intersect with the lens 

anterior surface, and D characterizes the points of intersection between an arbitrary orthogonal 

plane to the optical axis and the refracting rays. This process was repeated until all projection 

angles were analysed.  

 

Figure 2-10: Ray path segmentation. (A) A laser ray path image in grayscale. (B) Image of the segmented 

incident and refracted ray path overlaid onto the grayscale image. (C) Image of an overlay of 14 representative 

segmented rays along the meridional plane of the lens at one projection angle 60° showing the points of selection 

to extract the laser paths before and after passing through the lens. The blue lines were the incident ray paths, and 

the red lines were the refracted ray paths. 

The points extracted from the ray paths, together with measurements of lens geometry, were 

then used as input parameters to mathematical retrieve the lens GRIN. The theory for the 

measurement of the GRIN is well-documented and is summarized in Appendix B. Briefly, to 

solve for the GRIN, experimental exit deflection angels were first calculated based on the 

retrieved ray paths and then converted to experimental optic path length (OPL) within the lens 

(using Eq. B2 in Appendix B). Using theoretical ray tracing (Sharma et al., 1982) through the 

lens where the first iteration was assumed to be homogenous, a theoretical OPL was calculated 

and minimized against the experimental OPL. Through multiple iterations, a more accurate 



Chapter 2. Methods 

62 | P a g e  

 

estimation of the lens GRIN distribution can be obtained. The final solution was then stored in 

the form of a set of coefficients for subsequent analysis of lens power and SA.  

This iterative minimization process is diagrammatically shown in Figure 2-11, and the 

algorithm is implemented on Matlab (version r2015b, Mathsworks, USA) and run on an Intel 

core i5-6500 CPU, with 16 GB of RAM using a Dell OptPlex 7050 computer. A series of non-

conflicting and non-restrictive constraints were applied to reduce the solution space to allow 

solutions that are biologically relevant to be obtained (see Appendix BAppendix B: Theoretical 

basis for the retrieval of the lens GRIN distribution).  



Chapter 2. Methods 

63 | P a g e  

 

 

Figure 2-11: Flow diagram showing the iterative computer algorithm used to reconstruct GRIN. Input Data: 

retrieved A, B, C, D points and lens geometrical parameters. Optical Path Calculation: Mathematical calculation 

of the lens internal ray pathways using the input data. Compute Lens Constraints: Apply physiological relevant 

constraints. Monopolynomial GRIN Retrieval: The iterative GRIN retrieval process. Ray Residual Analysis: 

Calculate the residual/error of each ray and identify which rays have large residuals. Remove Rays from Analysis: 

Delete rays with the largest error from the GRIN retrieval dataset. Point Interpolation: Interpolate the current 

iteration points for each ray through the RI distribution retrieved from the latest iteration. GRIN and Residual 

Check: calculate the difference in residuals between the refractive index distribution retrieved at the current 

iteration and the last iteration. If the difference is smaller than the set tolerance, then the iterative process stops. 

Diagram taken from (Qiu, 2019). 
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2.11.3.3 Simulated lens power and spherical aberration measurement  

To compute lens power and spherical aberration, Sharma ray tracing (Sharma et al., 1982) was 

used to simulate the passage of rays to pass through model lenses constructed using the 

geometry and GRIN retrieved from each bovine lens. Lens back vertex power was again 

determined by finding the focal length, which was deemed as the point where the most central 

rays in the paraxial region (~20%) were focused (red dot, Figure 2-12A). The longitudinal 

spherical aberration (LSA) was determined by using Eq. 4 (Figure 2-12B) 

 𝐿𝑆𝐴 = 𝐹𝐿 − (𝑧 − 𝑇𝐴−𝑃) (4) 

where FL is the focal length, z is the interstation of the rays with the optical axis at X = 0, and 

TA-P is the lens thickness. 

 

Figure 2-12: Using simulated rays to calculate lens optical power and longitudinal spherical aberration. (A) 

Simulated theoretical (black) ray trajectories through a representative bovine lens with the retrieved GRIN and 

measured lens geometry showing the focal point (red dot) of the converging rays. (B) Schematic diagram showing 

the existence of a longitudinal spherical aberration in the lens. Diagram adapted from http://hyperphysics.phy-

astr.gsu.edu/hbase/geoopt/aber.html. 

http://hyperphysics.phy-astr.gsu.edu/hbase/geoopt/aber.html
http://hyperphysics.phy-astr.gsu.edu/hbase/geoopt/aber.html
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2.11.4 Optical modelling of bovine lens vision quality 

The impact of changes in lens optical parameters on vision quality was assessed using the 

optical modelling software ZEMAX (Radiant Zemax, Tucson, AZ, USA). The experimental 

lens geometry and GRIN retrieved from the LRT experiments were first converted into a format 

that could be inputted into a ZEMAX model of the bovine lens. Simulated images formed 

through the experimental bovine lens were then used to assess the impact on vision quality. 

This ZEMAX model focused only on the paraxial optics using a 4.0 mm aperture that models 

the iris of the eye to minimise the errors induced from the remapping of the GRIN data from 

LRT to ZEMAX. To determine the effect of changing lens optics in the eye, the model first 

simulated an image using the “Quick Focus” option in ZEMAX that optimizes the image/retinal 

plane to be the focal plane resulting in an optimized sharp image. Perturbations that alternate 

the focal plane of the lens will also change the image quality at the retinal plane. Subsequent 

image simulations were then compared and referenced to the baseline optimized image to 

determine the effect of alternating lens physiology on the overall vision quality. 

2.12 Data presentation and Statistical analysis 

Graphs were plotted using GraphPad Prism® 7 software (La Jolla, California, USA) and 

MATLAB (version r2018a, Mathsworks, USA). Statistical analysis was determined using 

statistical software (SPSS Stastics Data Editor Version 19.0.0.1.). Unless otherwise stated, all 

results are expressed as means ± standard error of the mean (SEM).  Data were tested for 

normality using the Shapiro-Wilk test; parametric (t-test and ANOVA) or non-parametric 

(Wilcoxon matched-pairs signed rank, Mann-Whitney U, or two way analysis of variance by 

rank) tests were then used accordingly. In all analyses, a value of P < 0.05 was considered 

statistically significant.  
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 The ciliary muscle and 

zonules of Zinn modulate mouse lens 

intracellular hydrostatic pressure 

In this first results chapter I present preliminary results collected during a visit to the laboratory 

of Professor Thomas White at the State University of New York (SUNY) at Stony Brook. The 

primary goal of this laboratory visit was to obtain training in the measurement of lens pressure 

using their manometer-microelectrode pressure measurement system, which was optimised to 

measure pressure in the mouse lens, with the view to subsequently adapt their approach to make 

pressure measurements on the larger bovine lens back in the Molecular Vision Laboratory 

(MVL). Since the MVL had developed methods to measure the optical properties of the bovine 

lens using ray tracing (Qiu et al., 2017), the ability to measure pressure in the bovine lens would 

then allow me to test our overarching hypothesis that regulation of lens pressure alters the 

optical properties of the lens. A secondary goal of this visit was to test whether altering the 

tension applied to the lens via the zonules regulated the lens internal hydrostatic pressure 

gradient. I found that ciliary muscle contraction induced by the addition of pilocarpine 

decreased the distance between the ciliary body and the lens, and caused an increase in 

intracellular hydrostatic pressure that required the presence of intact zonules. In contrast, the 

addition of tropicamide, which causes ciliary muscle relaxation, increased the distance between 

the ciliary body and the lens, and caused a decrease in intracellular hydrostatic pressure that 

was also dependent on the presence of intact zonules. Furthermore, I showed that this 

tropicamide-induced reduction in lens hydrostatic pressure could be inhibited by the TRPV4-

selective inhibitor, HC-067047, indicating that the effect of increasing zonular tension on lens 

pressure was mediated by the mechano-sensitive TRPV4 channel. Although preliminary, these 

results suggested that the hydrostatic pressure gradient within the mouse lens was also 

influenced by the tension exerted on the lens by the ciliary muscle through the zonules of Zinn. 

After my return to Auckland, my preliminary experiments were repeated and extended further 

by Dr. Junyun Gao from Professor White’s laboratory and our combined results were published 

in the journal Investigative Ophthalmology & Visual Science (Y. Chen et al., 2019). In this 

chapter, I present the preliminary data that I collected at SUNY Stony Brook that laid the 
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foundation for this subsequent publication which established that altering the tension applied 

to the lens via the zonules activates TRPV1 and TRPV4 channels to increase and decrease, 

respectively, the lens intracellular hydrostatic pressure gradient. Before presenting my results, 

I will first present the published data and preliminary data that led us to investigate whether 

altering zonular tension could play a role in modulating lens pressure. 

3.1 Mechanosensitive TRPV1/4 channels: a link between zonular 

tension and the hydrostatic pressure gradient? 

As outlined in Chapter 1, through an eloquent set of experiments, Gao et al. have shown that 

intracellular flow of water from cell to cell through gap junction channels generates a 

substantial hydrostatic pressure gradient (Gao et al., 2011) that relies on mechanosensitive 

TRPV1 and TRPV4 channels to sense changes in hydrostatic pressure and activate dual arms 

of a local feedback control system to maintain the magnitude of the pressure gradient (Gao et 

al., 2015). Because of the key role played by TRPV1 and TRPV4 channels in the regulation of 

the water transport, the MVL utilised Western blotting and immunohistochemistry to localise 

the channels in the different regions of the lens (Nakazawa et al., 2019). This study revealed 

TRPV1 and TRPV4 were expressed throughout all regions of the lens, but that the subcellular 

distribution of the two channels changed in the different regions of the mouse lens. Most 

interestingly, the study shown that the subcellular distribution of these mechanosensitive 

membrane proteins in the outer cortex regions of the mouse lens could be dynamically 

modulated by mechanically altering the zonular tension applied to the lens. This was achieved 

by comparing antibody labelling patterns obtained for TRPV1 and TRPV4 in mouse lenses 

which were cultured and fixed after the removal from the eye with their zonules cut to those 

lenses that were maintained in situ with their zonules and ciliary muscle preserved (Figure 

3-1). A dynamic change to the labelling pattern from membranous to cytoplasmic was observed 

for TRPV4 (Figure 3-1F, L), but not TRPV1 (Figure 3-1C, I), in a localised region of the 

outer cortex of the mouse lens was induced by cutting the zonules that normally attach the lens 

to the ciliary body. This alteration in the subcellular distribution of TRPV4 induced by the 

mechanical loss of zonular tension was subsequently replicated by pharmacologically 

modulating ciliary muscle contractility through the application of the muscarinic agonist 

pilocarpine. Pilocarpine by stimulating the ciliary muscle causes the ciliary body to move 

towards the lens and reduce the tension applied to the lens via the zonules. This decrease in 

zonular tension caused TRPV4 to be removed from the membrane of differentiating fibre cells, 
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localized in the outer cortex of the mouse lens (unpublished data from Nakazawa et al.). This 

dynamic trafficking of the TRPV4 channel in the mouse lens in response to the changes in 

zonular tension suggests that these mechanosensitive channels may also be functionally active 

in lens fibre cells.  

 

Figure 3-1: Effect of mechanical manipulation of lens zonular tension on the subcellular localization of 

TRPV1 and TRPV4 channels. (A) Montage of extended confocal images from an axial cryosection obtained 

from an untreated isolated mouse lens fixed without zonules attached and labeled with the membrane marker 

WGA (red) extending from the lens surface to the core region. It shows three regions (boxes) from the bow region 

of the adult mouse lens where the subcellular distribution of TRPV1/4 transitions from being predominately 

cytoplasmic to membranous as the fibre cells differentiate. High power images from the three regions were taken 

from adult mouse lenses cultured for 120 mins in AAH in which either the zonules were cut (B-G) or intact (H-

M) and labelled with either TRPV1 (B-D & H-J) or TRPV4 (E-G & K-M) antibodies (green). In region II, 

incubation of lenses with the zonules cut shifted the subcellular distribution of TRPV4, but not TRPV1, from 

membraneous to cytoplasmic. Images taken from (Nakazawa et al., 2019).  

Since both TRPV1 and TRPV4 have been found to play a central role in regulating the 

hydrostatic pressure gradient in the mouse (Gao et al., 2015), we postulated that changes in 

zonular tension through activation of mechanosensitive TRPV1/4 channels maybe playing a 

role in the regulation of the lens hydrostatic pressure gradient and hence water transport.  Hence, 

testing this hypothesis became the second goal of my visit to SUNY Stony Brook to learn how 

to measure lens pressure. But first, I wanted to confirm that pharmacological alteration of 

ciliary muscle contractility was, in fact, changing the tension applied to the lens via the zonules 

in the non-accommodating mouse lens. 
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3.2 Pharmacological modulation of zonular tension in the mouse lens 

To test this hypothesis, I first need to confirm that the pharmacological modulation of ciliary 

muscle contractility was resulting in a change in the tension applied to the lens via the zonules 

of Zinn. Rather than physically measuring an actual change in tension, I instead decided to see 

if I could resolve changes in the distance between the ciliary body and the lens, the circumlental 

space, induced by application of either the muscarinic agonist pilocarpine, or the muscarinic 

antagonist tropicamide that are used clinically to contract and relax the ciliary muscle, 

respectively. To achieve this, I utilised a recently published fixation protocol (Bassnett, 2019), 

which by maintaining intraocular pressure during the fixation process, has been shown to 

preserve the native three-dimensional structure of the ciliary body, zonules, and lens. This 

protocol allowed the dimensions of the circumlental space to be resolved and changes induced 

by tropicamide or pilocarpine to the space to be measured (Chapter 2, Section 2.5). The initial 

effectiveness of pilocarpine to decrease (Figure 3-2B) and tropicamide to increase (Figure 

3-2C) pupil diameter was first confirmed in enucleated eyes prior to fixation as compared to 

the untreated control mouse eyes (Figure 3-2A). Subsequent removal of the posterior sclera, 

retina, and vitreous from these enucleated eyes following fixation revealed a uniformly 

distributed circumlental space between the processes of the ciliary body and lens (Figure 3-2D, 

asterisk) that contains the zonules of Zinn. In four untreated control mouse eyes, the ciliary 

processes were located 144 ± 11 μm (Figure 3-2E) from the lens, in good agreement with 

previously published values (Bassnett, 2019). In four other eyes pre-treated for 30 mins with 

0.2% pilocarpine to contract the ciliary muscle, the ciliary processes appeared elongated, and 

the circumlental space was reduced to 120 ± 12 μm (Figure 3-2F). While in two eyes pre-

treated for 30 mins with 0.1% tropicamide to relax the ciliary muscle, the ciliary processes 

appeared contracted, and the circumlental space was increased to 178 ± 2 μm (Figure 3-2G). 

These preliminary experiments were subsequently repeated at SUNY Stony Brook by 

Professor Thomas White, and the combined results from these two groups were published in 

Y. Chen et al. (2019). The observed differences between groups in the circumlental space were 

statistically significant (Figure 3-3H). In contrast, there were no significant differences in 

measurements of lens diameters between the three groups (control 2.19 ± 0.09 mm, pilocarpine 

2.17 ± 0.12 mm, tropicamide 2.09 ± 0.07 mm, ANOVA, P > 0.05), consistent with the reported 

lack of accommodation in the mouse lens (Gossman, 2004; Tamm & L tjen˖Drecoll, 1996). 

Taken together, these results show that relaxation of the ciliary muscle with tropicamide and 
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contraction of the ciliary muscle with pilocarpine produce changes to the lens circumlental 

space, which will result in stretching and relaxing of the zonular fibres, that in turn affect the 

tension applied to the lens via the zonules. Having confirmed that I could pharmacological 

change zonular tension, I next wanted to see if modulation of zonular tension affected lens 

hydrostatic pressure as measured using the methods developed in Stony Brook. 

 

Figure 3-2: Pharmacological modulation of the ciliary muscle altered the circumference of the ciliary body. 

(A-C) Images of unfixed enucleated mouse eyes showing the pupil diameter in the absence (A) or presence of 

either pilocarpine (B) or tropicamide (C). (D) Image of a fixed mouse eye following removal of the posterior 

sclera, retina, and vitreous reveals the circumlental space between the ciliary processes and the lens. (E-F) 

Representative high power images of the circumlental space taken from the boxed area indicated in D from an 

untreated eye (E) and eyes pre-treated with either pilocarpine (F) or tropicamide (G). (H) Pooled data from 

experiments in Auckland and Stony Brook showing that pilocarpine (pilo) and tropicamide (trop) induced 

statistically significant (P < 0.05, 1-way ANOVA, n = 6-10) decreases and increases, respectively, in mean 

circumlental space when compared to the control (cont) group. Panel H has been reproduced from (Y. Chen et al., 

2019). 
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3.3 Measurement of lens hydrostatic pressure using a manometric- 

microelectrode device  

The technique used to measure lens hydrostatic pressure was adapted from the servo-null 

micropipette system (SNMS), a classic technique originally developed to measure hydrostatic 

pressures in structures too small for conventional manometric devices. The SNMS was initially 

designed for measurement of blood pressure in the microcirculation in vivo (Williams et al., 

1988), and it has also been used for measurement of intraocular pressure in the mouse eye 

(Avila et al., 2001). More recently, Gao et al. (2011) has adapted it to measure lens intracellular 

hydrostatic pressures. The system consists of a manometer, a pulse generator, a digital real-

time oscilloscope interfaced with a self-built amplifier. The method involves inserting a 

microelectrode into fibre cells at various depths within the lens, while recording the resistance 

of the tip of the microelectrode. If the pressure within the lens fibre cell is higher than that in 

the microelectrode tip, impalement of the microelectrode into the lens fibre cells will lead to 

inflow of intracellular cytoplasm into the tip, which in turn causes a change in the 

microelectrode tip resistance (Figure 3-3A). By attaching the mercury manometer to an inlet 

port on the microelectrode holder via plastic tubing, a counter pressure can be applied to the 

microelectrode to force the cytoplasm back into the cell, and therefore, restore the resistance 

to its original value (Figure 3-3B). At this equilibrium state, the applied pressure via the 

manometer equals the unknown pressure in the lens fibre cell, and the value of applied pressure 

can then read from the column of mercury and recorded as the lens intracellular hydrostatic 

pressure at that specific position in the lens (Figure 3-3C).  

During the first year of my PhD, I was given the opportunity to visit the laboratory of Professor 

Thomas White in the Department of Physiology and Biophysics for one month (from 20 

September 2017 to 20 October 2017). During the first week of this visit, I received training in 

the methods used to measure lens pressure by Dr. Junyun Gao. Once this was successfully 

completed, I was able to work independently to test whether pharmacologically varying zonular 

tension had any effect on the regulation of the lens hydrostatic pressure gradient. All the data 

presented below were collected by myself during the course of this initial lab visit. 
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Figure 3-3: Measurement of the intracellular hydrostatic pressure gradient in the lens. Schematic diagrams 

showing the effects of intracellular pressure on the microelectrode-intracellular solution interface. (A) An elevated 

intracellular pressure (e.g. 100 mmHg) over that in the microielectrode tip causes the higher resistance cytoplasm 

to flow into the microelectrode tip. (B) External counter pressure is applied to the port of the microelectrode to 

remove the cytoplasm and restore the microelectrode resistance to its original value. (C) The intracellular pressure 

in the lens is taken to be the pressure applied to the manometer. Image taken from (Gao et al., 2011). 

3.4 Relaxation of the ciliary muscle decreased lens hydrostatic pressure 

Having shown that pharmacological agents tropicamide and pilocarpine can be used to 

modulate forces exerted on the lens by the ciliary muscle through the zonules, and having 

received training in the measurement of lens pressure, I next want to investigate whether 

pharmacological manipulation the tension applied to the lens can modulate the lens internal 

hydrostatic pressure. To achieve this, tropicamide was used to dilate the ciliary muscle and 

produce an outward (pulling) tension on the lens equator while simultaneously recording 

hydrostatic pressure within a lens fibre cell near the lens surface. Initial values of surface 

intracellular pressure recorded from 3 different lenses varied between 50 and 78 mmHg due to 

the flexibility of the lens capsule and variability of the distance travelled by the microelectrode 

during impalement, however, in each lens the pressure recorded remained relatively stable for 

30 mins prior to the application of test reagents directly to the bath solution. Since the lens is 

mounted into the recording chamber by pinning the quartered sclera, the lens is still attached 

to the ciliary body via the zonules, and hence pharmacological reagents could be added directly 

to the bath while continually monitoring lens pressure. Using this setup, 0.1% tropicamide 

reduced baseline pressure by 25 to 40 mmHg within 60 mins (Figure 3-4A). To better compare 

the data, initial pressures were subtracted from the data to give a starting baseline of 0 mmHg. 

Changes in lens surface cell pressure (ΔP) caused by tropicamide are plotted in Figure 3-4B, 

and the average change (± SD) in pressure during drug administration is shown in Figure 3-4C. 
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From the resultant plot, it is evident that the relaxation of the ciliary muscle by tropicamide 

reduced the lens hydrostatic pressure near the surface by -36.4 ± 1.1 mmHg.  

 

Figure 3-4: Effect of tropicamide on surface pressure in the mouse lens. (A) Time course of the change in 

surface pressure in mouse lenses attached to the ciliary body via their zonules showing pressure decreased some 

25 to 40 mmHg after perfusion with 0.1% tropicamide (▪) (n = 3). (B) Since initial hydrostatic pressures varied 

from 50 to 78 mmHg depending on the depth of the microelectrode penetration, data were subtracted from the 

initial measurement for each lens to give a measurement of the change in pressure (ΔP) during drug administration. 

(C) The mean (± SD) change recorded in lens hydrostatic pressure was - 36.4 ± 1.1 mmHg (n = 3) and occurred 

within ∼60 mins following tropicamide administration. 
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3.4.1 Intact zonules were required for tropicamide to reduce the lens hydrostatic 

pressure 

These results suggest that the muscarinic antagonist tropicamide, via inhibiting ciliary muscle 

contraction and increasing the tension applied to the lens, can decreases lens pressure. 

However, lens epithelial cells have been shown to express muscarinic receptors (Collison et 

al., 2000), raising the possibility that the effects of tropicamide on hydrostatic pressure maybe 

mediated via changes to muscarinic signalling in the epithelial cells. Hence, to confirm that the 

effects of tropicamide are mediated via changes in ciliary muscle contractility that are 

propagated to the lens through changes in the zonular tension, the effect of tropicamide on the 

surface cells hydrostatic pressure was examined using isolated lenses in which the zonules and 

ciliary muscle were removed. Mouse lenses dissected free of the ciliary muscle and zonules 

had initial values of intracellular pressure of 46.6 ± 5.0 mmHg (n = 3), that remained stable for 

the initial 30 mins of recording and were unaffected by the subsequent application of 0.1% 

tropicamide to the bath solution (Figure 3-5A). Changes in lens surface cell pressure in all 

three lenses are plotted in Figure 3-5B, and the application of tropicamide to isolated lenses 

increased the mean hydrostatic pressure near the surface by 0.3 ± 4.0 mmHg after 60 mins of 

drug application, which was significantly less than the superimposed - 32.0 ± 5.3 mmHg 

reduction in mean pressure observed in lenses attached to the ciliary body by the zonules 

(Figure 3-5C). 
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Figure 3-5: The effects of tropicamide on lens hydrostatic pressure require attachment to the ciliary muscle 

via the zonules. (A) Time course of the change in surface pressure in mouse lenses dissected free of the ciliary 

body showing lenses had stable surface pressures of ∼47 mmHg that were unaffected by perfusion with 0.1% 

tropicamide (●) (n = 3). (B) Data were subtracted from the initial measurement for each lens to give a 

measurement of the change in pressure (ΔP) during drug administration. (C) Application of tropicamide (●) to 

free lenses increased the mean surface pressure by 0.3 ± 4.0 mmHg after 60 mins. The mean pressure reduction 

induced by tropicamide observed in lenses attached to the ciliary body via the zonules (■) is shown for 

comparison. All data are presented as mean ± SD. The difference in lens pressure response between lenses with 

or without zonules inhibition was assessed by conducting Independent-Samples Mann-Whitney U Test. *(P < 

0.05) indicates a significant difference of compared values. 
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3.4.2 Reduction of lens hydrostatic pressure by tropicamide also required the activity 

of the TRPV4 channel 

Since previous work had shown that TRPV4 is part of a feedback control system that functions 

to actively maintain a constant hydrostatic pressure within the slens, and its activation caused 

the surface pressure to shift in a negative direction similar to that seen for tropicamide (Gao et 

al., 2015), I next wanted to investigate whether the TRPV4 also mediates the observed 

tropicamide-induce reduction in lens surface pressure. To achieve this, I pre-incubated intact 

mouse lenses attached to the ciliary body with the TRPV4 inhibitor HC-067047 (10 μM) for 

30 mins, before applying tropicamide to increase the tension applied to the lens. The pre-

incubation with HC-067047 (n = 4) had no effect on intracellular pressure, and the addition of 

0.1% tropicamide in the continued presence of HC-067047 had no immediately apparent effect 

on pressure. However, over time, a slight decrease in pressure was observed that 

reached -6.0 ± 2.6 mmHg after 60 mins (Figure 3-5C, black triangles, mean ± SD). However, 

compared to the -32.0 ± 5.3 mmHg reduction observed in lenses without TRPV4 inhibition, 

this reduction is insignificant  (Figure 3-5C). The results suggest that the effects of tropicamide 

on lens surface pressure are transduced by activation of TRPV4 channels. 
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Figure 3-6: The effects of tropiamide on lens pressure are mediated via TRPV4. (A) Time course of the 

change in surface pressure in mouse lenses attached to the ciliary body that was pre-incubated with the TRPV4 

inhibitor HC-067047 before the addition of tropicamide to the bath solution (▲) (n = 4). (B) Data were subtracted 

from the initial measurement for each lens to give a measurement of the change in pressure (ΔP) during drug 

administration. (C) In the presence of HC-067047, application of tropicamide to the lenses lowered the mean 

surface hydrostatic pressure by 6.0 ± 2.6 mmHg after 60 mins (▲). The mean pressure reduction observed in 

lenses in the absence of HC-067047 to block TRPV4 activity (■) is shown for comparison. All data are presented 

as mean ± SD. The difference in lens pressure response between lenses with or without TRVP4 inhibition was 

assessed by conducting Independent-Samples Mann-Whitney U Test. *(P < 0.05) indicates a significant difference 

of compared values. 
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3.4.3 Hydrostatic pressure changes induced by ciliary muscle relaxation were 

propagated throughout the lens  

To determine if the changes in hydrostatic pressure measured in cells near the lens surface were 

propagated to the center of the lens, I measured the hydrostatic pressure gradient across the 

entire lens in lenses incubated in tropicamide (Figure 3-7). Pressures were measured at four or 

five locations in four individual lenses with an average radius of 0.113 ± 0.002 cm. The data 

from all lenses were pooled and plotted against the normalized distance from the lens center. 

The solid fitted curve represents the fitting of the pooled tropicamide data to Eqs. 1 and 2, 

which relate the intercellular water flow through gap junctions to the hydrostatic pressure 

gradient (Figure 3-7). Because of time constraints, I compared the fit obtained from my data 

to the curve fit (dashed line) obtained by Gao et al. (2011) from data collected from control 

lenses in the absence of tropicamide (Figure 3-7). In control lenses, the best-fit value for the 

average pressure at the lens center was 328 mmHg. In contrast, in lenses pre-treated for 30 

mins with 0.1% tropicamide, the best-fit pressure value at the lens center was 262 mmHg, a 

reduction of 20%, that indicates the observed decrease in pressure measured at the surface of 

the lens, caused by a tropicamide-induced increase in zonular tension, is also altering central 

lens pressure. 

 

Figure 3-7: The effect of tropicamide on the hydrostatic pressure gradient across the mouse lens. The 

hydrostatic pressure gradient was determined in the presence of 0.1% tropicamide (■) and plotted against the 

normalized distance from the lens center. Solid lines are fits to equations (Eqs. 1 & 2) that relate intercellular 

water flow through gap junctions to the hydrostatic pressure gradient. The dashed line is the best fit curve reported 

in Gao et al. (2011) that was used to describe intracellular hydrostatic pressure gradient obtained from mouse 

lenses in the absence of tropicamide. 
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3.5 Contraction of the ciliary muscle increased lens hydrostatic 

pressure 

Having determined that tropicamide induced increases in zonular tension are transduced by 

TRPV4 into a decrease in the hydrostatic pressure gradient, I next turned my attention to the 

muscarinic agonist pilocarpine, which by inducing ciliary muscle contraction to move the 

ciliary body towards the lens, reduces the tension applied to the lens via the zonules. 

Application of pilocarpine while simultaneously recording lens surface pressure was only 

performed in two lenses at the end of my visit to Stony Brook. In these two lenses, surface 

pressures of 52 and 72 mmHg were measured that remained stable for 30 mins until the 

application of 0.2% pilocarpine to the bath solution (Figure 3-8A). Pilocarpine caused the 

surface pressure in both lenses to increase by 10 to 12 mmHg within 40 mins (Figure 3-8B), 

which yielded a mean (± SD) increase of 10.8 ± 3.0 mmHg (Figure 3-8C). Although I only 

had time to study two lenses, it would appear that the pilocarpine-induced contraction of the 

ciliary muscle increases lens surface pressure. 
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Figure 3-8: Effect of pilocarpine on surface pressure in the mouse lens. (A) Time course of the change in 

surface pressure in mouse lenses attached to the ciliary body via their zonules showing pressure increased some 

by 10 to 12 mm Hg within 40 mins after the application of 0.2% pilocarpine ( ). (B) Data were subtracted from 

the initial measurement for each lens to give a measurement of the change in pressure (ΔP) during drug 

administration. (C) The mean (± SD) change recorded in lens hydrostatic pressure was 10.8 ± 3.0 mm Hg (n = 2) 

within 40 mins following pilocarpine administration. 
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3.6 Conclusion 

My one month short visit to SUNY at Stony Brook was extremely successful. Not only did I 

learn how to measure lens hydrostatic pressure, but in addition, I was able to perform the proof 

of preliminary principle experiments that established changes in zonular tension can modulate 

the lens hydrostatic pressure gradient through signaling pathways activated by the 

mechanosensitive channels, TRPV1 and TRPV4. I first showed that the circumference of the 

ciliary body increased following relaxation with tropicamide and decreased the following 

contraction with pilocarpine (Figure 3-2), consistent with the idea that ciliary muscle 

modulation leads to stretching or relaxing of the zonular fibres, which in turn would affect the 

tension applied to the lens. I was initially concentrating on the effects of tropicamide and 

showed that relaxation of the ciliary muscle caused a reduction in lens surface cell hydrostatic 

pressure (Figure 3-4) that was dependent on the presence of the ciliary body (Figure 3-5) could 

be blocked by inhibition of TRPV4 (Figure 3-6), and also that these changes in surface pressure 

were also manifested as changes in central lens pressure (Figure 3-7). While time constraints 

meant I did less work with pilocarpine, I did show in two lenses that contraction of the ciliary 

muscle induced by the application of pilocarpine caused an increase in lens surface pressure 

(Figure 3-8). All of my preliminary experiments were subsequently repeated, confirmed, and 

extended by Professor Thomas White and Dr. Junyun Gao after my return to Auckland using 

both wild-type and a genetically modified mouse model (p110α KO) to investigate further the 

role of PI3K in the signaling pathway downstream of TRPV1 that regulates lens pressure (Y. 

Chen et al., 2019)  

Since this work and its implications on our understanding of lens physiology was subsequently 

published in full (Y. Chen et al., 2019), it will not be further discussed in this chapter. It has 

been included in this thesis as part of the journey to establishing the ability to measure pressure 

in the bovine lens at the University of Auckland. In the next chapter, I will describe experiments 

performed in Auckland using the training obtained during my visit to Stony Brook, but which 

utilized a new pico-injector based system to measure the pressure gradient in the larger bovine 

lens.   
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 Hydrostatic pressure driven 

water transport in bovine lenses 

Having obtained essential training in the measurement of lens pressure at Stony Brook using 

the mouse lens, in this chapter I document the processes used to set up and validate a similar 

pressure measurement system in Auckland. This new system was capable of measuring 

pressure in the larger bovine lens, the first step in my overall goal to test our central hypothesis 

that the internal water transport sets the optical properties of the lens. Using this new pressure 

measurement system, I have first characterised the lens hydrostatic pressure gradient in mice 

to validate the accuracy of my new system by comparing my results with those previously 

reported in the literature using the manometer based system. I confirmed the findings of Gao 

et al. (2013) and showed that lenses obtained from the mouse, rat, and bovine all have similar 

hydrostatic pressure gradients despite exhibiting large differences in size. Then, I used this new 

system to study how the hydrostatic pressure gradient of the bovine lens is affected by 

perturbations that alter different components of the lens microcirculation system. I showed that 

inhibiting the microcirculation system by either depolarizing the lens membrane potential or 

inhibiting the Na+ pump by incubating lenses in high extracellular K+ or ouabain, respectively, 

both caused a decrease in the pressure gradient. In contrast, exposure of bovine lenses to 

hyperbaric oxygen, to acutely mimic the oxidative stress associated with aging of the lens, 

caused an increase in the pressure gradient, presumably by inhibiting gap junction channels. 

Taken together, these experiments show that the results obtained by my new pressure 

measuring system are comparable to those obtained in Stony Brook, and just like the mouse 

lens, the microcirculation system in the bovine lens generates a hydrostatic pressure gradient 

that functions to drive the intercellular water efflux. I start this chapter by first describing how 

I have developed a new version of the whole lens pressure recording system in Auckland that 

is based on the use of a pico-injector, which was subsequently used to investigate in Chapter 5 

how lens pressure is regulated in the bovine lens.   
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4.1 Establishment of a pico-injector based pressure measurement 

system in Auckland 

The original manometer-microelectrode based system used in SUNY Stony Brook  (Gao et al., 

2011) had a number of limitations that I wanted to address in the system I designed for use in 

Auckland. Firstly, the mercury manometer not only created health and safety concerns but also 

limited the maximum allowable applied pressure measurement to be less than 400 mmHg due 

to the lack of over-range protection of the mercury manometer. This has been proven to be not 

ideal for some of the experiments conducted on genetically modified mouse lenses, which 

tended to have hydrostatic pressures higher than the maximum allowable limit of the 

manometer (Gao et al., 2011), and as a result, produce incomplete data sets for some mouse 

lines. Instead, I substituted the manometer for a pico-injector based pressure measurement 

system (see Chapter 2, Section 2.10.1) and used the pico-injector to apply constant pressure to 

the back of the measuring microelectrode. Pico-injectors are commonly used for microinjection 

of small liquid volumes from microliter to femtoliters by applying a regulated pressure (1 to 

3100 mmHg) to a microelectrode for a set period of time (McCaman et al., 1977; Palmer et al., 

1980). The pico-injector also had the added advantage that the applied pressure output can be 

sampled by the A/D converter and recorded as a digital output (mV) using the Axoscope 

software and then converted to units of pressure (mmHg) using calibration curves (see Chapter 

2, Section 2.10.3)  

A second limitation of the SUNY-based system was that it utilized a custom-built amplifier 

and a pulse generator that were difficult to reproduce. Instead, for my Auckland based system, 

I used a commercially available voltage clamp amplifier (TEV-200 Dagan Corporation – 

Minneapolis, MN, USA) that functioned both as a microelectrode amplifier and a pulse 

generator. This voltage clamp amplifier allowed square current pulses to be passed through the 

microelectrode tip and the evoked changes in voltage recorded to calculate changes in 

microelectrode tip resistance. The resultant whole lens pico-injector-based system setup was 

more compact than the manometer-based pressure measurement system and provided accurate 

and fast measurements of lens pressure over a broader range of pressures what could be 

achieved in Stony Brook.  
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4.1.1 Validation of the pico-injector based pressure measurement system on the 

mouse lens 

Having established a new version of the pressure measurement system in Auckland, I then 

proceeded to validate the system by first using it to measure the pressure gradient in the wild-

type (WT) mouse lens (Figure 4-1A). Data were collected from 9 lenses obtained from mice 

aged six to eight weeks of age with an average radius of 0.115 ± 0.012 cm. For each lens 

pressure was measured at between two to six different locations, with the data from all 9 lenses 

being pooled and plotted as a function of the radial distance from the lens center (r). 

Quantification of lens hydrostatic pressure close to the core has been found to be technically 

difficult to perform, especially in the central regions of the lens (r/a < 0.15) due to blockage of 

the microelectrode tip that may result in unreliable measurements, hence, impalements into the 

deeper lens nucleus were avoided. In addition, it was also difficult to measure pressure in the 

most peripheral fibre cells, since the need to penetrated the tough collagenous capsule that 

surrounds the lens meant that initial impalements of the lens resulted in the microelectrode 

being lodged some 20 to 30 μm into the lens, thus preventing microelectrodes from being 

placed into cells just beneath the capsule.  

The lens surface (r/a = 1) and central pressures (r/a = 0) were able to be obtained directly by 

curve fitting the pooled data with Eqs. 1 and 2, which relate intercellular water flow through 

gap junctions to the hydrostatic pressure gradient. The presence of a hydrostatic pressure 

gradient that was the highest in the core and lowest in the surface of the WT mouse lenses 

(Figure 4-1A) was consistent with the previous observation that mouse lenses have an internal 

fluid circulation in which the outward intercellular water transport is driven by a hydrostatic 

pressure to actively transport water from the lens center to the surface (Gao et al., 2011).  
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Figure 4-1: Measurement of the hydrostatic pressure gradient in the mouse lens using the pico-injector 

based microelectrode system.(A) The hydrostatic pressure (mmHg) is graphed as a function of the distance (r) 

from the lens center. Red dots indicate potential data outliers. (B) Curve fitting with the three identified outliers 

removed.  
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In this pooled data set, three extremely high pressure measurements obtained near the lens 

center (Figure 4-1A, red symbols) were considered to be the outliers in these experiments due 

to the blockage of the microelectrode tip near the center of the lens that required higher pressure 

to push the cytoplasm back into the fibre cells. To illustrate this, two representative voltage 

responses obtained from microelectrodes that were advanced into lenses at around a similar 

location are shown in Figure 4-2. For a pressure measurement to be accepted, the amplitude 

of the microelectrode resistance (Re) should be restored to its original value upon application 

of the applied pressure, and importantly when pulling the microelectrode out of the lens, Re 

should exhibit only minimal change to the value recorded in the bath prior to impalement of 

the lens (Figure 4-2A), however, if the microelectrode was clogged while in the lens, the 

change in the microelectrode tip resistance cannot be reversed by the external pressure applied 

to the microelectrode (Figure 4-2B). Clogging of the tip can be further confirmed by removing 

the microelectrode out of the lens and rechecking its tip resistance in the bathing solution. 

Typically clogged microelectrodes exhibited a 50% increase in Re, and typically 30% of the 

microelectrode impalements had to be discarded due to the blockage of the microelectrode tip, 

particularly near the center of the lens, in which the hydrostatic pressure is the highest and fibre 

cells are more compact. Thus, these outliers were removed from the subsequent analysis, and 

the fit was repeated (Figure 4-1B).  



Chapter 4. Hydrostatic pressure driven water transport in bovine lenses 

87 | P a g e  

 

 

Figure 4-2: Pressure measurement artefacts - clogging of the microelectrode tip. (A) Example of a successful 

measurement. The microelectrode tip resistance (Re) is first measured in the bath by passing square current pulses 

(10 nA at 100 Hz) through the microelectrode while monitoring the voltage response. The amplitude of the 

responding voltage steps divided by the applied current gives the Re before the impalement of the lens. The 

advancement of the microelectrode into the lens results in an increase in microelectrode tip resistance (∆R) due 

to the influx of higher resistance intracellular cytoplasm into the tip that is driven by the higher intracellular 

pressure experienced at microelectrode–intracellular solution interface. Application of external pressure to the 

microelectrode pushes out the cytoplasm and restores Re to the value originally recorded in the bathing solution. 

At the end of the experiment, the microelectrode is pulled out of the lens and the applied pressure removed before 

rechecked Re in the bathing solution. A change in Re smaller than 0.3 MΩ before and after the impalement of the 

lens suggests that there was minimal change in the microelectrode tip during the experiment, and the data was 

accepted for the following processing. (B) Example of an experiment in which the microelectrode became clogged 

during the impalement of the lens. In this example, the application of external pressure did not restore Re but 

further elevated Re, suggesting that the blockage of the microelectrode tip. This was further confirmed by pulling 

the microelectrode out and re-measuring Re, which remained elevated. 

Figure 4-3 provides a comparison of the pressure gradient profile I obtained in Auckland using 

the new pico-injector based pressure measurement system with the pressure gradient profile 

reported by Gao et al. (2011) obtained using the original manometer based system. To facilitate 

this comparison, I replotted my pressure data against normalized distance (r/a) from the lens 

center. In both experiments, lenses were obtained from approximately 2 month old C57BL/6J 

WT mice, and the pressure gradient profiles shown in Figure 4-3 were very similar. The curve 

fit to the data determines three estimated values in different regions of the lens, including the 

lens central pressure (Pi, r/a = 0), the pressure at the differentiating to mature fibre cell (DF/MF) 

transition (Pi, r/a = 0.85), and the surface pressure (Pi, r/a = 1). The retrieved values from 

these regions in my study and the one performed by Gao et al. (2011) are summarized in Table 

4-1. From this comparison, it is evident that although the shape of the two measured profiles is 
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the same (Figure 4-3), the absolute magnitudes of the pressures obtained from the pico-injector 

system are consistently lower than the values reported by Gao et al. (2011) using the 

manometer-based system. This disparity could simply represent biological variation due to the 

different age ranges used in the two studies. The current study used 6-8 week old mice, while 

Gao et al. used 8 to 12 week old mice (Gao et al., 2011), and the lens intracellular hydrostatic 

pressure gradient has been shown to increase in older mice (Gao, Wang, et al., 2013). Thus if 

we take account of this age difference, it is evident that my new pico-injector based pressure 

measurement system is able to replicate the intracellular hydrostatic pressure gradient 

measured previously in small mouse lenses, and it is a suitable system to measure pressure in 

the larger bovine lens.  

 

Figure 4-3: Comparison of pressure gradient profiles obtained for the mouse lens using two different 

systems. Hydrostatic pressure is graphed as a function of normalized distance (r/a) from the lens center, where a 

(cm) is the lens radius, and r (cm) is the distance from the lens center. The solid smooth curve represents the best 

fit curve using data obtained from the current study (open symbols), whereas the dashed smooth curve is the best 

fit curve reported in Gao et al. (2011). The three red crossed points indicate the outliers previously identified and 

excluded from the current study. 
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Table 4-1: Comparison hydrostatic pressure gradient measured in the mouse lens using the pico-injector 

and manometer based systems. 

Pi (in mmHg) is the lens intracellular hydrostatic pressure, a (cm) is the lens radius, and r (cm) 

is the distance from the lens center. *Data replotted from Gao et al., 2011. 

 Pressure Measurement System 

 Pico-injector System Manometer System* 

𝑪𝒆𝒏𝒕𝒓𝒂𝒍 𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆 (𝑷𝒊(𝒓/𝒂 = 𝟎)) 309 mmHg 328 mmHg 

𝑫𝑭 − 𝑴𝑭 𝑷𝒓𝒆𝒔𝒔𝒖𝒓𝒆 (𝑷𝒊(𝒓/𝒂 = 𝟎. 𝟖𝟓)) 64 mmHg 70 mmHg 

𝑺𝒖𝒓𝒇𝒂𝒄𝒆 𝒑𝒓𝒆𝒔𝒔𝒖𝒓𝒆 (𝑷𝒊(𝒓/𝒂 = 𝟏)) 0 mmHg 0 mmHg 
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4.2 Bovine lens generates an intracellular hydrostatic pressure gradient 

Having established the pico-injector based pressure measurement system in Auckland and 

shown that the system can be used to accurately measure the intracellular hydrostatic pressure 

gradient in the mouse lens, I next wanted to use it to measure pressure in the larger bovine lens. 

While the previous manometer-based studies had shown that that other species (mice, rats, 

rabbits, and dogs) all generate a similar hydrostatic pressure gradient (Gao, Sun, et al., 2013), 

the much bigger bovine lens had not been studied. This was due to limitations in the 

manometer-based system used in Stony Brook, which include the setup having a microscope 

that does not have appropriate objectives for visualising lenses with large diameters, and also 

the recording chamber was only designed to accommodate small lenses. Thus, to overcome 

these system limitations, several adaptions to the pico-injector based pressure measurement 

system have been made to enable the quantification of hydrostatic pressure in lenses with a 

wide range of diameters. These include using a microscope with different objective lenses to 

achieve either high magnification or a wider field of view, as well as portable incubation 

chambers to accommodate lens of a variety of diameters, including the larger bovine lens. 

To study water transport in the bovine lens, intracellular hydrostatic pressures were measured 

in five isolated bovine lenses without zonules attached with an average radius of 

0.818 ± 0.034 cm (mean ± SD, n = 5), using the pico-injector based pressure measurement 

system. Within each lens, the pressures were recorded at two to five different depths along a 

track that started at the surface, 45° between the posterior pole and equator, and led to the lens 

center. The position of the tip of the microelectrode was recorded at each location where the 

pressure was measured. An example of the pressure measurements obtained from a 

representative bovine lens cultured in isotonic AAH solution is shown in Figure 4-4. Baseline 

measurement of the resistance of the microelectrode tip was first obtained in the bathing 

solution (Re = 2.2 MΩ) with no external pressure applied to the microelectrode. Next, the 

microelectrode was advanced into the lens to a location of r/a = 0.86, and a resultant increase 

in the microelectrode tip resistance (∆R) was observed (Figure 4-4A) suggesting the existence 

of an intracellular hydrostatic pressure that is higher than the pressure in the microelectrode. 

An average of 74  mmHg of hydrostatic pressure was found to be the pressure that was required 

to restore Re back to the value originally measured in the bath (Figure 4-4B). To measure the 

pressure gradient, the microelectrode was then advanced towards the center of the bovine lens, 

and the resultant increase in ∆R was eliminated by applying external pressure to the 
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microelectrode to again restore Re back to its initial value (Figure 4-4B). At the end of the 

experiment (in this case, three measurements), a small change in the tip resistance (< 0.3 MΩ) 

was detected relative to the initial resistance measured in the bathing solution before impaling 

the lens, confirming that the measurements were not compromised by clogging of the 

microelectrode tip.



Chapter 4. Hydrostatic pressure driven water transport in bovine lenses 

92 | P a g e  

 

 

Figure 4-4: Measurement of bovine lenses intracellular hydrostatic pressures. (A) Changes in microelectrode tip resistance at different depths within the lens. Re is the 

microelectrode tip resistance measured in the bathing solution, which was quantified by assing square current pulses (10 nA at 100 Hz) through the microelectrode while 

monitoring the voltage response. The amplitude of the responding voltage steps divided by the applied current gives the Re before impalement of the lens. Impaling the lens 

and subsequently advancing the microelectrode towards the lens center resulted in an increase in microelectrode tip resistance (∆R) with depth into the lens. (B) Application of 

external pressure to the microelectrode pushed the cytoplasm out of the microelectrode and restored Re to the value recorded in the bath prior to impalement of the lens. The 

average of this applied pressure was then recorded as the intracellular hydrostatic pressure at each specific location within the lens. At the end of the experiment, microelectrode 

was pulled out of the lens, and the applied pressure was withdrawn. Tip resistance was re-measured in the bathing solution to ensure the observed changes were not due to 

clogging or breakage of the microelectrode inside the lens. 
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The pressure measurements at different spatial locations were collected from five bovine lenses 

(black) and compared against pressure measurements obtained from nine mice (blue) and seven 

Wistar rat (yellow) lenses, and all three data sets were fitted with Eqs. 1 and 2 (Figure 4-5).  

When the intracellular hydrostatic pressure gradients are graphed as a function of actual 

distance from the center of the different lenses, the pressure gradient was steepest in the smaller 

mouse lens and decreased as the size of the lens increased (Figure 4-5A). However, if the 

pressure measurements were plotted as a function of normalized distance (r/a) from the lens 

center, then the pressure gradients exhibited very similar profiles (Figure 4-5B), albeit with 

higher central pressure in the bovine lenses (349 mmHg) relative to the rat (298 mmHg) and 

mouse (309 mmHg) lenses. Thus, not only does the considerably larger bovine lens generate a 

hydrostatic pressure gradient like other species of lens, its magnitude and shape are remarkably 

conserved. Since the hydrostatic pressure gradient in the mouse lens has been shown to be 

generated by the flow of water through gap junctions driven by the microcirculation system. I 

next want to confirm the relative contributions of the microcirculation system to the 

development of the pressure gradient I have observed in the bovine lens.  
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Figure 4-5: Comparison of intracellular hydrostatic pressures gradients in mouse, rat and bovine lenses. 
Pressure measurements obtain from 6-8 week old mouse (r = 0.115 ± 0.012 cm, n = 9, blue); 21-30 day old rat (r 

= 0.148 ± 0.008 cm, n = 7, yellow); 24 month old bovine (r = 0.818 ± 0.034 cm, n = 5, black) lenses plotted 

against actual distance from the lens (A), or normalised distance (r/a) from the lens center (B). Data were fitted 

with Eqs. 1 and 2. R-square of fits for mouse, rat and bovine lenses was 0.9188, 0.8547, and 0.9940, respectively. 
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4.3 Effects of inhibiting the microcirculation system on the hydrostatic 

pressure gradient in the bovine lens 

Having validated previous results obtained from rodent lenses and confirmed for the first time 

the existence of a hydrostatic pressure gradient in the bovine lens, I next wanted to investigate 

whether the microcirculation system is also responsible for generating the observed pressure 

gradient in the bovine lens. To achieve this, I have utilised two widely-used experimental 

perturbations that target different components of the lens microcirculation system to examine 

the effect of inhibiting the lens microcirculation, and therefore water movement, on the 

pressure gradient in the bovine lens. To provide a context for these experiments, I will first 

review how each perturbation affects the lens underlying cellular physiology before describing 

its effects on the hydrostatic pressure gradient. 

4.3.1 The effect of depolarisation of the lens potential on the hydrostatic pressure 

gradient of the bovine lens 

In lens surface cells, K+ uptake by the Na+/K+ ATPase is balanced by the local efflux of K+ via 

K+ channels, which sets a negative resting membrane potential. In contrast, deeper lying fibre 

cells lack functional Na+/K+ ATPase and K+ channels (Baldo & Mathias, 1992; Mathias et al., 

2007), and as a consequence would be expected to exhibit a depolarized the cell membrane 

potential. However, all cells in the lens maintain a negative membrane potential due to the 

presence of an abundance of gap junctions that connect the fibre cells mass to the surface cells 

that are capable of generating a negative membrane potential. This electrical connection, 

together with the different membrane properties of the surface and central cells, maintains a 

constant transmembrane electrochemical gradient for the Na+ influx and contributes to the 

generation of the circulating Na+ flux that drives the microcirculation.   

Replacing extracellular Na+ with K+ causes a depolarization of the lens membrane potential, 

whereas the low [Na+]o causes the Nernst potential for Na+ to approach zero; thus, decreasing 

the electrochemical driving force for Na+ movement. This High K+-induced inhibition of the 

lens microcirculation has been experimentally measured and quantified in a variety of different 

species (Candia et al., 2012; Delamere & Duncan, 1977; Parmelee, 1986; Robinson & Patterson, 

1983). Furthermore, in the mouse lens it has been shown that the complete replacement of 

external Na+ by K+ caused the central pressure to decline to ~85% of the initial value in 2 hours 

(Gao et al., 2011). While in the bovine lens the High K+ perturbation has been used in 
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experiments that utilized either Ussing chambers (Candia et al., 2012), or MRI imaging of 

heavy water (Vaghefi et al., 2011), to show that depolarization of the lens also inhibits 

circulating water fluxes that enter the lens at both poles and exit at the equator. Thus because 

the High-K+ perturbation abolishes water flow, I would therefore expect it to affect the 

magnitude of the pressure gradient in the bovine lens.  

To investigate this I measured the hydrostatic pressure gradient in isolated bovine lenses that 

had been organ cultured in either control AAH or High K+-AAH for 4 hours (Figure 4-6). 

Pressures were measured at two to five locations in eight AAH-treated lenses with an average 

radius of 0.841 ± 0.037 cm and six High K+-treated lenses with an average radius of 0.859 ± 

0.068 cm. Data from all lenses in each group were pooled and plotted against the normalized 

distance from the lens center (r/a), and the data sets fitted with Eqs. 1 and 2 (Figure 4-6, solid 

lines). In the control lenses after 4 hours of organ culturing, the best-fit value for the average 

pressure at the lens center was 326 mmHg, which was in fact a 7% decrease when compared 

to lenses without any incubation treatment (349 mmHg, Figure 4-5), suggesting a possible 

baseline drift in lens hydrostatic pressure with time in lens culture. More interestingly, in lenses 

pre-treated for 4 hours with High K+-AAH, the best-fit pressure at the lens center was 274 

mmHg, a reduction of 16% when compared to the 4-hour control lenses that indicate High K+ 

induced depolarization of the lens fibre cell membrane potential is altering bovine lens central 

pressure. 
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Figure 4-6: The effect of depolarisation of the lens potential on the hydrostatic pressure gradient of the 

bovine lens. The hydrostatic pressure gradient was measured in lenses organ cultured in either AAH ( ) or High 

K+-AAH ( ) for four hours. The data obtained is pooled and plotted against the normalized distance (r/a) from 

the lens center, where a (cm) is the lens radius, and r (cm) is the distance from the lens center. Solid lines are fits 

to equations (Eqs. 1 & 2) that relate intercellular water flow through gap junctions to the hydrostatic pressure 

gradient. R-square of fits for control AAH and High K+ treated lenses was 0.9502 and 0.9749, respectively. 
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4.3.2 The effect of inhibiting the Na+/K+ ATPase on the hydrostatic pressure 

gradient of the bovine lens 

Having determined the effects of inhibiting the microcirculation on hydrostatic pressure 

gradient by elevating extracellular K+ to depolarize the lens membrane potential, I next turned 

my attention to the effects of blocking Na+/K+ ATPase using the inhibitor ouabain. Ouabain is 

a potent and commonly used inhibitor of Na+/K+ ATPase in a variety of cell types. In the lens, 

the circulating Na+ flux that generated the microcirculation system has been shown to be 

generated by the Na+/K+ ATPase activity concentrated in surface cells located at the lens 

equator (Mathias et al., 1997).  Using a vibrating probe, Parmelee (1986) found that blocking 

Na+/K+ ATPase activity in frog lenses with ouabain caused a significant decrease in the lens 

outward equatorial current, and this result was subsequently confirmed in the mouse lens by 

Mathias et al. (1997) using electrical impedance analysis. The effect of ouabain induced 

inhibition of Na+/K+ pump on the water fluxes driven by the circulating fluxes of Na+ ions has 

also been examined. Utilising a Ussing chamber to monitor water transport into the bovine lens 

at the anterior and posterior poles, and out of the lens at the equator, Candia et al. showed that 

the ouabain-induced inhibition of Na+ pump reduced fluid flow rate (Candia et al., 2012). 

Furthermore, using T1-weighted MRI to track the penetration of heavy water into the lens, 

Vaghefi et al. showed that incubating bovine lenses in ouabain for 4 hours inhibited the water 

flow into the lens via the anterior and posterior poles (Vaghefi et al., 2011), and significantly 

increased the water content in the central region of the bovine lens (Vaghefi et al., 2015). 

Finally, using a manometer based pressure measurement system, Gao et al. (2011) showed that 

the intracellular hydrostatic pressure in central fibre cells of the mouse lenses decreased to 50% 

of its initial value in a period of ~30 mins in the presence of ouabain, suggesting a decrease in 

the pressure driven outward water movement. 

To investigate whether ouabain induced inhibition of lens Na+/K+ ATPase activity also affects 

the hydrostatic pressure gradient in the bovine lens, I measured the hydrostatic pressure 

gradient across the entire lens in isolated bovine lenses pre-treated with 0.5 mM ouabain AAH 

solution for 4 hours (Figure 4-7). Pressures were measured at two to five locations in seven 

ouabain-treated lenses with an average radius of 0.868 ± 0.064 cm, and data from all lenses 

were pooled and plotted against the normalized distance from the lens center (r/a) and 

compared to lenses incubated in AAH for 4 hours (Figure 4-7). Solid fitted curves represent 

the fitting of Eqs. 1 and 2 to the pooled data (Figure 4-7, solid lines). It is evident that ouabain 
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reduced the lens pressure gradient, causing a 24% reduction in lens central pressure relative to 

lens incubated in AAH (247 vs. 326 mmHg), suggesting that the ouabain induced inhibition of 

lens Na+/K+ ATPase activity and therefore microcirculation system is also altering hydrostatic 

pressure gradient in the bovine lens. However, it should be noticed that R-square of fits for 

lenses with ouabain treatment was actually lower (R-square 0.6653) when compared to the 

controls (R-square 0.9502), potentially due to the small sample size and outliers. 

 

Figure 4-7: The effect of inhibiting the Na+/K+ ATPase on the hydrostatic pressure gradient of the bovine 

lens. The hydrostatic pressure gradient was measured on bovine lenses after organ culture for 4 hours in AAH 

either the absence (black) or presence 0.5 mM ouabain (orange) and plotted against the normalized distance (r/a) 

from the lens center, where a (cm) is the lens radius, and r (cm) is the distance from the lens center. Solid lines 

are fits to equations (Eqs 1 & 2) that relate intercellular water flow through gap junctions to the hydrostatic 

pressure gradient. R-square of fits for control and Ouabain treated lenses was 0.9502 and 0.6653, respectively. 
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To summarise the effects of high K+ and ouabain on the pressure gradient, I performed a 

statistical analysis to quantify the relative changes in lens intracellular hydrostatic pressure in 

different regions of the bovine lens. To achieve this, I utilised the independent parameters (Pa, 

Pb, and Pc) calculated from Eqs. 1 and 2 that were used to fit the experimental data obtained 

from lenses before organ culture (0 hours) or after 4 hours of organ culture in AAH in either 

the absence or presence of high K+, or ouabain (Figure 4-8). The parameter Pa gave the 

estimated pressure at the lens surface (r/a = 1) and Pb gave the pressure drop at the DF-MF 

transition in the cortex (r/a = 0.85). Finally, the lens central pressure (r/a = 0) was determined 

by the combination of Pb and Pc. A one-way ANOVA, with Bonferroni multiple comparisons 

post hoc testing, was used to compare the experimental resultant groups. This analysis confirms 

that inhibiting lens Na+ circulation by using either high extracellular K+ to depolarize the lens 

membrane potential, or ouabain to block the lens Na+/ K+ ATPase activity, both significantly 

reduced the lens pressure gradient after 4 hours of treatment, with the pressure drop being 

observed mainly in the lens core (P < 0.001). In contrast, no significant decrease in surface or 

central hydrostatic pressure was observed in control lenses incubated for 4 hours AAH, 

although there was a statistically significant decrease in the pressure near the lens outer cortex 

region (P < 0.01). Taken together, my results confirm those found in the mouse lens and show 

that hydrostatic pressure gradient observed in the bovine lens is also established by the ion and 

water fluxes generated by the lens microcirculation system that drives water flow from the 

center of the lens to the surface via a pathway mediated by gap junction channels.  
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Figure 4-8: Summary of the effects of inhibiting the microcirculation system on the lens intracellular 

hydrostatic pressure gradient in the bovine lens. Statistical comparison of mean intracellular hydrostatic 

pressures, (mmHg) obtained from the surface (r/a = 1), cortex (r/a = 0.85) and core (r/a = 0) of the bovine lens. 

Values were obtained from the parameters Pa, Pb, and Pc that were used by Eqs. 1 and 2 to fit the experimental 

data. A significant reduction in lens intracellular hydrostatic pressure in the core regions of the lens was observed 

in lenses after 4 hours of incubation in either ouabain or High K+ treatment to inhibit lens microcirculation. Values 

expressed as mean ± SD. Comparisons between the groups were analysed by One-way ANOVA with Bonferroni 

multiple comparisons post hoc testing (*P < 0.05, ***P < 0.001, ****P < 0.0001).
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4.4 The effects of oxidative stress on the hydrostatic pressure gradient 

of the bovine lens  

Having shown that the pressure gradient in the bovine lens is generated by the Na+ circulation, 

I next wanted to further investigate whether this pressure gradient increases with age as has 

been observed for the mouse lens (Gao, Wang, et al., 2013). Gao et al. showed that the 

hydrostatic pressure gradient was increased as a function of age in the mouse lens, and that this 

was correlated with an age-dependent decrease in gap junction coupling conductance (Gao, 

Wang, et al., 2013). An earlier study had shown that a major cause of this age-dependent 

decrease in GJ coupling conductance was the accumulation of oxidative damage with age (H. 

Wang et al., 2009), which in turn lead to the damage of GJs that impaired nutrient delivery to 

the lens nucleus and promoted cataract formation (Berthoud & Beyer, 2009). To test whether 

oxidative stress affects the pressure gradient in the bovine lens, I have made use of the 

hyperbaric oxygen (HBO) model of lens ageing established in the MVL. In this model, HBO 

exposure disrupts the normal O2 gradient experienced by the lens by increasing the 

partial pressure of dissolved O2 bathing the lens HBO exposure greatly enhances the diffusion 

of molecular oxygen to the deeper lying fibre cells that are normally devoid of O2, resulting in 

elevated O2 within the lens, an accumulation of reactive oxygen species, and a resultant 

increase in oxidative damage to lens proteins (Lim et al., 2016). As to guard against the effects 

of high pressure, hyperbaric nitrogen (HBN), which does not generate reactive oxygen species, 

was used as a control. Using this approach Lim et al. (2016) showed that after 15 hours of HBO 

exposure, bovine lenses increased lens free water content mainly in the central region compared 

to HBN treated lenses. This inability of the lens to actively maintain its internal free water 

content was subsequently found to be a direct result of an HBO-induced inhibition of the lens 

microcirculation system, which was tentatively attributed to oxidative damage to the GJ 

proteins that mediate the outflow of water (unpublished data from Mitchell George Nye-Wood 

Doctoral thesis (2018)). 

To investigate if HBO induced oxidative stress also affects the hydrostatic pressure gradient, 

isolated bovine lenses were organ cultured in AAH or exposed to either HBO or HBN for 15 

hours, and then the pressure gradient was measured using the pico-injection based 

microelectrode system. Unfortunately, measurement of pressure in the central 50% of the 

HBO-treated lenses was found to be challenging to perform. However, unlike other lenses, 

clogging of the microelectrode tip was not the primary reason that the measurements were 
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unsuccessful, instead, the measurements had to be discarded due to the breakage of the 

microelectrode tip. This is illustrated in two representative voltage responses obtained from a 

successful measurement (Figure 4-9A) and from a measurement that was discarded due to 

what was deemed to be a broken microelectrode (Figure 4-9B). In this measurement, a sudden 

and significant drop in the microelectrode tip resistance to 1 MΩ is observed. This extremely 

low resistance suggests that the tip was either damaged or broken during the experiment, 

leading to potential leakage of the microelectrode filling solution into the fibre cells. 

Subsequent pressure applied to the microelectrode or removing it from the lens does not affect 

this resistance, and at this point in the experiment, the microelectrode had to be replaced. 

Pressure measurements near the central regions (r/a = 0.5) of the HBO treated bovine lenses 

were found to have an 85% incidence of broken tips (3 out of the 4 attempts), resulting in a 

deficit of data being obtained from impalements close to the core for HBO treated lenses. This 

was not the case for the lens incubated in either AAH or HBN for 15 hours. Thus, the central 

pressures obtained for HBO treated lenses were more dependent on the estimate obtained by 

fitting the peripheral data predominately from the lens cortex with Eqs. 1 and 2. 

 

Figure 4-9: Breakage of microelectrodes in HBO-treated lenses. Representative voltage responses obtained 

from different regions of HBO-treated bovine lenses. (A) Example of a successful measurement in the outer cortex 

of the lens. (B) Example of measurement that was discarded due to breaking of the microelectrode as shown by a 

sudden and dramatic drop (50%) in resistance (Re) upon advancement further into the lens. This was confirmed 

upon removal of microelectrode from the lens and the subsequent failure of the Re to recover.  
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Pressure measurements were obtained from four AAH and HBN-treated lenses and three HBO-

treated lenses (filled blue circles) with average radii of 0.846 ± 0.057 cm, 0.831 ± 0.065 cm, 

0.817 ± 0.048 cm, respectively were plotted against the normalized distance from the lens 

center (r/a). Solid fitted curves represent the fitting of Eqs. 1 and 2 to the pooled data (Figure 

4-10A). Relative to the lenses incubated in AAH, HBO-treated lenses exhibited an increase in 

the pressure gradient, while HBN showed a decrease.  In HBO-treated lenses, the best-fit value 

for the average pressure at the lens center was 391 mmHg, 1.57 times higher than that of the 

HBN-treated lens, 249 mmHg. Similarly, the estimated value of lens hydrostatic pressure in 

the outer cortex and surface regions was also higher in HBO-treated compared to HBN-treated 

lenses (129 mmHg vs. 39 mmHg, and 41 mmHg vs. 10 mmHg). Based on the previously 

reported knowledge that oxidative stress damages lens GJs (Berthoud & Beyer, 2009) and that 

HBO induces oxidative stress (Giblin et al., 1995; Lim et al., 2016), the observed positive shift 

in the hydrostatic pressure gradient observed in HBO-treated lenses is not surprising. In fact, 

this observation is consistent with the results from the ageing mouse lens, which exhibited a 

decrease in GJ coupling and increased hydrostatic pressure in the core regions (Gao, Wang, et 

al., 2013), suggesting the potential role of bovine lens GJs in facilitating the efflux of water to 

travel from the core to the surface.  
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Figure 4-10: Effect of HBO and HBN on the lens hydrostatic pressure gradient. Pressure gradient profiles 

were obtained from bovine lenses organ cultured in AAH (black) or after exposure to HBO (solid blue) or HBN 

(dashed blue) for 15 hours. Solid and dashed lines are fits to equations (Eqs 1 & 2) that relate intercellular water 

flow through gap junctions to the hydrostatic pressure gradient. R-square of fits for control AAH, HBO, and HBN 

treated lenses was 0.9329, 0.9286 and 0.9685, respectively. (B) Statistical comparison of the pressures retrieved 

from three different regions of the bovine lens with and without hyperbaric treatment. No significant differences 

in lens intracellular hydrostatic pressure were found with 15-hour long-term control incubation in AAH. Exposure 

bovine lenses to HBN for 15 hours also resulted in a negative shift in lens pressure, and the changes were 

statistically significant in both the cortex and central regions of the lens when compared to 15-hour controls. HBO 

treated lenses, on the other hand, initiated a positive shift in lens pressure when comparing to the HBN treated 

lenses. Values expressed as mean ± SD. Comparisons between the groups were analysed by One-way ANOVA 

with Bonferroni multiple comparisons post hoc testing (*P < 0.05, ***P < 0.001, ****P < 0.0001). 
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Interestingly, the pressure gradient profile obtained from HBN treatment group, which served 

as a control for HBO treated lenses to study the effect of oxidative stress independent of the 

effect of high pressure, varied from that observed in the control lenses incubated in AAH for 

15 hours without exposure to hyperbaric pressure (Figure 4-10A). This suggests that there 

might be some changes in the lens intercellular water transport as a result of the application of 

high external pressure. For lenses incubated in AAH for 15 hours, the best-fit value for the 

average pressure at the lens center was 359 mmHg, similar to the lenses without incubation 

(349 mmHg). However, the central hydrostatic pressure in lenses treated with HBN (249 

mmHg) was 31% lower than that observed in the 15 hours untreated control lenses.  Given that 

there was no oxidative stress induced changes in lens cellular physiology found in HBN treated 

bovine lenses (Lim et al., 2016), the difference in lens hydrostatic pressure gradient between 

the control and HBN treated group suggests that bovine lenses may respond to the external 

high pressure by adjusting its internal hydrostatic pressure gradient and therefore the 

intercellular water transport and water content to maintain its homeostasis. 

A statistical comparison of the effects of HBO and HBN treatment on the pressures in different 

regions of the bovine lens is shown in Figure 4-10B. It is evidenced that exposure of bovine 

lenses to HBN for 15 hours causes a statistically significant decrease in lens intracellular 

hydrostatic pressure gradient when compared to the 15 hours control lenses, implying the effect 

of high external pressure on the lens internal hydrostatic pressure gradient. Relative to HBN-

treated lenses, HBO exposure caused a statistically significant increase in pressure that was 

mainly found in the lens cortex and central regions, suggesting the independent effect of HBO 

induced oxidative stress on the lens internal hydrostatic pressure gradient. However, the 

observed hydrostatic pressures induced by HBO exposure were not significant when compared 

to the 15-hour AAH control lenses. The non-significance of this change could potentially be 

due to the counteractive effects of high external pressure and oxidative stress on intracellular 

hydrostatic pressure gradient; however, pressures within the HBO-treated lenses could also be 

drastically underestimated due to the inadequate pressure data near the central regions of the 

lenses. The latter is more likely to be the case considering the fact that pressure increased 

significantly in both the surface and cortex region of the HBO treated lenses when compared 

to the 15 hours controls.
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4.5 Conclusions 

In this Chapter, I have described the establishment of a whole lens pressure measurement 

system in Auckland that has allowed me to characterize the hydrostatic pressure gradient in 

lenses from different species. Using this system, I have confirmed the previously observed 

hydrostatic pressure gradient present in the mouse lens is not only present in the much larger 

bovine lens but has a similar magnitude to that of the mouse lens (Figure 4-5). This finding 

that despite the size of the lens the pressure gradient is preserved is consistent with previous 

studies conducted on mice, rats, rabbits, and dogs, which showed the pressure varied from 335 

± 6 mmHg in central fibre cells to 0 mmHg in surface cells in all species of lens (Gao, Sun, et 

al., 2013). Furthermore, by quantifying the pressure throughout the lens, I have shown that the 

magnitude of the bovine lenses pressure gradient is associated with the level of Na+ circulation 

through the lens. Inhibition of the lens circulation system by incubating lenses in either High 

K+ to depolarize the lens resting membrane potential, or ouabain to block the Na+/K+ ATPase, 

both reduced the bovine lens hydrostatic pressure gradient (Figure 4-6 & Figure 4-7), 

highlighting the role of ion flux in lens fluid circulation, and therefore the lens internal pressure 

gradient. 

Interestingly, a statistically significant baseline drift in bovine lens hydrostatic pressure near 

the lens outer cortex regions was observed after 4 hours of organ culture in AAH (Figure 4-8), 

suggesting potential changes in lens cellular physiology with long-term incubation. However, 

the changes in these baseline pressures are relatively small, especially when compared to the 

large changes in lens hydrostatic pressure recorded from bovine lenses incubated in solutions 

designed to inhibit the ion circulation or treated with HBO/HBN. In this study, HBO exposure 

was used to study the effect of oxidative stress on lens water transport. The fact that HBO 

exposure caused an increase in the hydrostatic pressure gradient relative to HBN-treated lenses 

(Figure 4-10) suggests there is also a profound effect of oxidative damage on lens hydrostatic 

pressure upon addition of the external pressure. This observed increase in lens pressure gradient 

is consistent with the previous finding that HBO induced a decrease in Cx46 expression in the 

bovine lens (shown by Western blotting unpublished data from Mitchell George Nye-Wood 

Doctoral thesis (2018)). The decreased gap junctions coupling tends to increase the resistance 

to the outflow of ions and water from the core, leading to an increase in lens hydrostatic 

pressure gradient and an increase in the lens internal water content. This result highlights the 

importance of GJs in bovine lenses transport mechanisms to facilitate the efflux of water from 
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the core to the surface. A similar conclusion was reached by Wang et al. (2009), who have used 

an in vivo genetically modified mouse model that lacks Glutathione peroxidase-1 (GPX-1), 

which is an enzyme that protects the lens against H2O2-mediated oxidative damage to study the 

effect of compromising antioxidant defense systems on lens transport and intracellular 

homeostasis. They have shown that oxidative stress experienced by those KO animals caused 

a loss of gap junction coupling conductance due to loss of functional Cx46 and Cx50 proteins 

(H. Wang et al., 2009), which was subsequently shown to be associated with an increase in 

lens hydrostatic pressure (Gao et al., 2011).  

In summary, the results in this chapter have shown that bovine lenses have an intracellular 

hydrostatic pressure gradient, which is generated by a circulating Na+ flux that drives the influx 

of water into the nucleus, and functions to facilitate the outward fluid flow from the core to the 

surface through GJs. By using MRI imaging technology, Vaghefi et al. (2015) showed that 

disruption of bovine lenses cellular physiology significantly changed the lens optics and the 

main conclusion drawn from their study was that active maintenance of the lens circulating 

ionic and fluid fluxes, and therefore the lens steady state water content, was required to sustain 

the optical properties of the lens. During the same year, mouse lenses have been found to 

operate a feedback regulation system that functions to ensure a constant pressure gradient 

(water transport) within the lens (Gao et al., 2015), which might be the key to maintain lens 

optical properties. Chapter 5 aims to investigate whether bovine lenses have such a regulation 

mechanism for the intracellular hydrostatic pressure gradient.  
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 Regulation of bovine lenses 

surface pressure by TRPV1 and TRPV4 

channels 

In the previous chapter I showed that my pico-injector based pressure measurement system is 

capable of reproducing the results obtained for the mouse lens in Stony Brook, and that the 

larger bovine lens has an essentially similar intracellular hydrostatic pressure gradient to the 

mouse lens, which is also generated by the lens microcirculation system. Since the pressure 

gradient in the mouse lens has been shown to regulated by a dual feedback pathway that utilise 

the mechanosensitive TRPV1 and TRPV4 channels to sense decreases and increases in lens 

pressure (Gao et al., 2015), respectively, I have in this chapter investigated whether a similar 

dual feedback pathway exists in the bovine lens. To test this idea, I first used Western blotting 

to confirm that both TRPV1 and TRPV4 are indeed expressed in the bovine lens and then used 

immunohistochemistry to show that both channels are expressed throughout all regions of the 

lens, although the subcellular localisation varied in different regions of the bovine lens. In the 

epithelium and outer cortex, intense TRPV1 and TRPV4 labelling were found to be largely 

associated with the cytoplasm, whereas in the deeper inner cortex and core of the lens, TRPV1 

and TRPV4 labelling was associated predominately with fibre cell membranes. Finally, in this 

chapter, I show that pharmacological activation of TRPV1 or TRPV4 induces a biphasic 

increase and decrease, respectively, in the hydrostatic pressure recorded at the lens surface. 

However, this biphasic response was abolished if lenses were pre-treated with either a TRPV1 

or TRPV4 inhibitor prior to activation of the channels. Under these conditions, activation of 

TRPV1 or TRPV4 produced a sustained increase or decrease, respectively, in surface pressure. 

Taken together, my results show that the bovine lens express TRPV1 and TRPV4 channels that 

are an integral part of a dual feedback pathway, which modulates fluctuations in surface 

pressure in order to ensure a constant hydrostatic pressure gradient is maintained. This 

information paves the way for testing whether the pharmacological modulation of lens pressure 

alters the optical properties of the bovine lens. To provide context for the design of the current 

experiments on the bovine lens, I start this section with a brief overview of TRPV channels.  
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5.1 Properties of the mechanosensitive TRPV channels  

The transient receptor potential (TRP) superfamily of non-selective cation channels comprises 

unique sensory proteins that are expressed in almost every tissue and cell type (for a review, 

see Moran, 2018; Ramsey et al., 2006; Venkatachalam & Montell, 2007). These TRP channels 

play important roles in sensory physiology by acting as molecular sensors for various stimuli 

and at the cellular level by allowing cells to respond to changes in their local environment. At 

present, based on amino acid homology, TRP channels can be divided into seven subfamilies: 

melastatin (TRPM), polycystin (TRPP), mucolipin (TRPML), ankyrin (TRPA), NOMP-C 

(TRPVN), canonical (TRPC), and vanilloid (TRPV) (Clapham, 2003; Montell, 2005; Montell 

et al., 2002) (Figure 5-1). 

 

Figure 5-1: A phylogenetic tree of TRP channel superfamily. Based on sequence homology analysis TRP 

channels can be divided into seven subfamilies that comprise proteins with distinct channel properties. TRPC2 is 

a pseudogene in humans but not in rats, and TRPN subfamily is not present in mammals. Image taken from 

(Latorre et al., 2009). 

In mammals, the TRPV (vanilloid receptor) subfamily is comprised of six members, TRPV1-6, 

and is by far the most well-studied subfamily of TRP channels due to their pharmacological 

accessibility and the development of genetically modified knockout phenotypes (Pedersen et 

al., 2005; Vennekens et al., 2008). The typical structural architecture of a TRPV channel is 

similar to most of the channels of the TRP family, consisting of 6-transmembrane spanning 

segments (S1-S6) with a re-entrant pore loop locating between S5 and S6 (Figure 5-2A) (Katz 
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et al., 2017; Nilius & Owsianik, 2011; Pedersen et al., 2005). For each TRPV isoform, the 

intracellularly located amino- (N-) and carboxy- (C-) termini are variable in length and contain 

different numbers of functional domains and motifs. In this thesis, I will focus on TRPV1 and 

TRPV4 channels and briefly summarise their molecular and physiological properties, which 

have been determined in other tissues in order to provide background understanding for their 

functional roles in the mammalian lens. 

TRPV1, known as a capsaicin receptor, was the first member of the TRPV subfamily identified. 

It was initially found in the peripheral nervous system, where it acts as a non-selective cation 

channel activated by heat, fatty acids, and protons (Caterina et al., 1997, 2000; Lukacs et al., 

2007; Rohacs et al., 2008). TRPV1 was first cloned from rat, and the complete rTRPV1 coding 

sequence compromised 2514 nucleotides encoded an 838-amino acid protein with a theoretical 

molecular mass of approximately 95 kDa, while the equivalent TRPV1 protein in human is 

composed of 839 amino acids (Caterina et al., 1997; Vennekens et al., 2008). The TRPV1 

protein consists of a long amino acid N-terminus containing six ankyrin-repeat domains (ARD) 

and a C-terminus containing a TRP domain close to S6 (Figure 5-2B).  

TRPV4 is a non-selective cation channel that is permeable to Ca2+ 
and is widely expressed 

throughout the body, including multiple excitable and non-excitable peripheral cell types (for 

a review, see Nilius et al., 2004; Rosenbaum et al., 2020). TRPV4 is activated by a variety of 

physical (moderate heat > ~25 °C, cell swelling, mechanical stimuli) and chemical 

(endocannabinoid, arachidonic acid, 4α-phorbol 12,13-didecanoate (4α-PDD), and 

GSK1016790A) stimuli (Jin et al., 2011; Nilius et al., 2003, 2004; Watanabe et al., 2003; 

Watanabe, Davis, et al., 2002; Watanabe, Vriens, et al., 2002). The physiological functions of 

TRPV4 are thought to include mechanosenstation, osmosenstation, and thermosensation 

(Liedtke, 2005; Liedtke et al., 2003; Mergler et al., 2011; Shahidullah, Mandal, & Delamere, 

2012).  

Like TRPV1, the molecular structure of TRPV4 also contains six transmembrane segments 

with a pore-forming loop located between S5 and S6, the N-terminal ARDs, and the C-terminal 

TRP box (Figure 5-2B). TRPV4 comprises 871 amino acid residues with a predicted molecular 

mass of approximately 98 kDa (Vennekens et al., 2008). Interestingly, recent research has 

identified a novel segment comprising 20 amino acids in the distal C-terminus of mouse 

TRPV4 (residues 838–857) that is critical for mediating protein folding and trafficking (Lei et 

al., 2013), suggesting the unique contribution of these residues to normal TRPV4 function.  
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Figure 5-2: Prediction of the structural topology of TRPVs. (A) All TRPV channels contain six transmembrane 

segments (S1-S6) with a putative pore region (P) between S5 and S6. Intracellular amino (N-) and carboxyl (C-) 

termini are variable in length and contain different sets of domains. Diagram taken from (Nilius & Owsianik, 

2011). (B) The vanilloid receptor 1 or TRPV1, was the founding member of mammalian TRPV channels. The 

TRPV1 in the human is made up of 839 amino acids (aa) consisting of a long 400-amino-acid N-terminus 

containing six ankyrin-repeat domains (ARD) and a relative short C-terminus containing a TRP domain close to 

S6. These intracellular domains also contain binding sites for compounds that regulate TRPV1 function, including 

calmodulin, ATP, and PIP2 binding sites located at the N- and C- termini. The vanilloid receptor 4 or TRPV4 is 

made up of 871 aa. Similar to TRPV1, TRPV4 consists of six ankyrin repeats, whereas the C-terminal tail of the 

TRPV4 contains additional functional domains a calmodulin-binding site, and a binding site for cytoskeletal 

proteins. Image adopted from (Vennekens et al., 2008). 
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Although TRPV1 and TRPV4 channels have different activation profiles, they have often been 

found to be co-expressed in many different mammalian tissues, including the brain (Cao et al., 

2009), urinary bladder (Yamada et al., 2009), kidney (L. Chen et al., 2014), skin (Denda et al., 

2007), muscle (Ota et al., 2013), retina (Ryskamp et al., 2011; Sappington et al., 2015), and the 

ocular lens (Delamere et al., 2016; Martínez-zGarcía et al., 2013; Nakazawa et al., 2019; 

Shahidullah et al., 2012). In the mouse lens, a recent systematic mapping of the subcellular 

distribution of TRPV1 and TRPV4 has shown both channels to be expressed throughout the 

entire adult mouse lenses, not only in the lens epithelium but also in the outer cortex, inner 

cortex/core regions (Nakazawa et al., 2019), suggesting these TRPV channels may play roles 

in controlling overall lens function. More recently, TRPV1 and TRPV4 have been found to be 

a involved in a dual feedback control system (Figure 5-3) that functions to actively regulate 

the lens hydrostatic pressure (Gao et al., 2015; Shahidullah et al., 2020). As a first step towards 

showing that this TRPV channel mediated dual feedback pathway is also important for 

controlling the optical properties of the lens, I first wanted to confirm their expression in the 

bovine lens, my model of choice to study lens optics.  

 

Figure 5-3: Dual feedback model that utilises TRPV1 and TRPV4 to regulate hydrostatic pressure in the 

mouse lens. In this system, TRPV1 and TRPV4 work synergistically to maintain a constant lens intracellular 

hydrostatic pressure and thus ensuring a constant steady state water content and cell volume. TRPV1 functions 

effectively as a sensor for decreases in lens hydrostatic pressure, activating a pathway that stimulates NKCC1 

activity to restore the pressure (water transport). TRPV4, on the other hand, acts as a sensor of increases in lens 

hydrostatic pressure, stimulating lens epithelial Na+/K+ ATPase activities via an ATP- and SFK-dependent signal 

pathway to restore the pressure (water transport). Schematic diagram taken from (Delamere et al., 2020). 
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5.2 Identification and localization of TRPV1 and TRPV4 channels in 

bovine lenses   

To determine whether the TRPV channel mediated feedback control system that regulates lens 

surface cell hydrostatic pressure is present in bovine lens, western blot, and 

immunohistochemical analysis were utilized to investigate the presence of TRPV1 and TRPV4 

in the lens at the protein level and to characterize their subcellular localization across different 

regions of the bovine lens. Although both TRPV1 and TRPV4 are members of the vanilloid 

subfamily in the TRP superfamily, with similar predicted molecular weights of 95 kDa and 98 

kDa, respectively, the amino acid sequence of their C-terminal cytoplasmic tails are very 

different (Venkatachalam & Montell, 2007). Therefore, in the current study, I used 

commercially available antibodies, which were designed against peptide specific sequences in 

the C-terminal tails of TRPV1 and TRPV4, for both the western blot and immunohistochemical 

experiments to avoid antibody cross-reactivity (see Chapter 2, Table 2-4). These peptide 

specific antibodies have been previously employed in a variety of tissues and cell types, 

including human nasal epithelial cells (Alenmyr et al., 2014), sperm thermotaxis (De Toni et 

al., 2016), dorsal root ganglion (DRG) neurons (Kim et al., 2016), placentas (Martínez et al., 

2016), and mouse lens (Nakazawa et al., 2019). 

5.2.1 Identification of TRPV1 and TRPV4 channels in the bovine lens by Western 

blotting 

As TRPV1 and TRPV4 have been found to be abundantly expressed in the kidney at the protein 

level (Kaßmann et al., 2013), I utilised bovine kidney as a positive control for Western blot 

analysis. Since in a preliminary experiment the highest signal intensity for TRPV1 and TRPV4 

was found to be from the lens pellet, in these Western blots protein fractions obtained from the 

pellet of lens homogenates (LP) and whole kidney (KP) were compared (Figure 5-4 & Figure 

5-5). To obtain a better signal, a relatively higher protein loading was used for the lens (200-

250 µg) relative to the kidney (25 µg). TRPV1 was detected as a single strong band at the 

expected molecular weight of ~100 kDa in the kidney and as a doublet of 90 and 100 kDa in 

the lens (Figure 5-4A, arrows). To test antibody specificity, the TRPV1 antibody was pre-

incubated with its corresponding antigenic peptide prior to Western blotting. Pre-absorption of 

the TRPV1 antibody eliminated the TRPV1-labelling observed in both the lens and the kidney 

(Figure 5-4B), confirming the specificity of the antibody. The knockdown of the lower 90 kDa 
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band in the lens also shows that this band is specific for TRPV1, and suggests that this band is 

either a shorter form of TRPV1, or a product of TRPV1 degradation.  

 

Figure 5-4: Identification of TRPV1 in the bovine lens by Western blotting. The Abacm TRPV1 antibody (2 

µg/ml) was used to label the pellet fractions of the homogenates from bovine lenses (LP) or bovine kidney (KP) 

that served as a positive control. Either 25 μg of kidney or 200 μg whole lens tissue were loaded in each lane. A 

doublet at ~100 kDa was observed in LP showed by the arrows. A single strong band at ~100 kDa was detected 

in KP (A). These bands were eliminated by pre-absorption of the antibody with a 20-fold excess of its antigenic 

peptide (B, stars). 



Chapter 5. Regulation of bovine lenses surface pressure by TRPV1 and TRPV4 channels 

116 | P a g e  

 

TRPV4 was detected as a doublet in both the lens and the kidney, with the upper band being 

around 100 kDa, which is the predicted molecular weight for the TRPV4 protein (Figure 5-5A, 

arrowheads). Both bands for TRPV4 in the lens and kidney were completely knocked down by 

pre-absorption of the antibody with its antigenic peptide control (Figure 5-5B, stars), 

confirming the specificity of the antibody labelling.  

 

Figure 5-5: Identification of TRPV4 in the bovine lens by Western blotting. The Alomone TRPV4 antibody 

(2 µg/ml) was used to label the pellet fractions of the homogenates from bovine lenses (LP) or bovine kidney (KP) 

that served as a positive control. Either 25 μg of kidney or 200 μg of whole lens tissue were loaded in each lane. 

Double bands at ~100 kDa were observed in both LP and KP, as showed by the double arrows (A). These bands 

were eliminated by pre-absorption of the antibody with a 20-fold excess of its antigenic peptide (B, stars).  

5.2.2 Regional distribution of TRPV1 and TRPV4 in the bovine lens 

Having confirmed the expression of TRPV1 and TPRV4 in the lens using Western blotting, I 

next utilised immunohistochemistry to determine the subcellular distribution of TRPV1 and 

TRPV4 in the different regions of the bovine lens. Equatorial cryosections obtained from the 

bovine lens were triple labelled with either the TRPV1 or TRPV4 antibody (green), plus the 

membrane marker WGA (red) to visualize cellular morphology, and the nuclear marker DAPI 

(blue), which severed as a marker of fibre cell differentiation. Due to the large dimensions of 

the equatorial sections through the bovine lens (radius ≈ 8500 µm), obtaining a high resolution 

image montage to provide an overview of TRPV1/4 labelling patterns was technically difficult. 

Instead, I have taken individual high-resolution confocal images in morphologically discrete 

regions of the bovine lens from the periphery to the core and mapped them to a low power 

montage of extended confocal images from an equatorial cryosection labelled with the 

membrane marker WGA (Figure 5-6A). This image was kindly provided by Dr. Julie Lim, and 
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shows the structural changes in the morphology of the fibre cells, first described by Al-Ghoul 

and Costello (Al-Ghoul & Costello, 1997), as one moves from the outer cortex, to the adult 

nucleus, juvenile nucleus, fetal nucleus and central embryonic nucleus. During the collection 

of the high power TRPV1 and TRPV4 images, the gain and offset settings of the confocal 

microscope were maintained at the same level, so that any fluctuations in labelling intensity 

across the different regions of the lens can be detected.  

Using this approach, both TRPV1 (Figure 5-6) and TRPV4 (Figure 5-7) were found to be 

present across all regions of the bovine lens with no noticeable change in the signal intensity 

of the labelling. However, a differentiation-dependent change in the subcellular distribution 

was observed for both TRPV1 and TRPV4 labelling in the lens outer cortex and adult nuclear 

regions. Initially, both TRPV1 (Figure 5-6B-E) and TRPV4 (Figure 5-7B-E) appear to be 

predominantly cytoplasmic. However, in the lens fetal nucleus regions, some about ~4000 µm 

deep into the lens, TRPV1 underwent a translocation process, in which its localization abruptly 

changed from cytoplasmic to membranous (Figure 5-6H, I), and remained membranous in the 

embryonic nucleus (Figure 5-6J-L). In contrast, the translocation of TRPV4 into the 

membranes of mature fibre cells occurred more to the lens edge in the juvenile nucleus (about 

~1000 µm in from the lens capsule) (Figure 5-7F, G), and remained membranous in the fetal 

and embryonic nucleus (Figure 5-7H-L). 
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Figure 5-6: Mapping the subcellular distribution of TRPV1 in the bovine lens. Equatorial cryosection from a bovine lens labelled with TRPV1 (green), the membrane 

marker WGA (red), and nuclei stain DAPI (blue). (A) Image montage of the bovine lens from the outer cortex to the core labelled WGA. The white boxes indicate regions (B-

L) from which high magnification images were obtained from the outer cortex (B, C), and the adult (D, E), juvenile (F, G), fetal (H, I), and embryonic (J, K, L) nuclei. To 

highlight TRPV1 labelling, WGA membrane labelling is omitted in the top panels and presented in the lower panels of each image. Image A was kindly provided by Dr. Julie 

Lim. 
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Figure 5-7: Mapping the cellular and subcellular distribution of TRPV4 in the bovine lens. Equatorial cryosection from a bovine lens labelled with TRPV4 (green), the 

membrane marker WGA (red), and nuclei stain DAPI (blue). (A) Image montage of the bovine lens from the outer cortex to the core labelled WGA. The white boxes indicate 

regions (B-L) from which high magnification images were obtained from the outer cortex (B, C), and the adult (D, E), juvenile (F, G), fetal (H, I) and embryonic (J, K, L) 

nuclei. To highlight TRPV4 labelling, WGA membrane labelling is omitted in the top panels and presented in the lower panels of each image. Image A was kindly provided 

by Dr. Julie Lim. 
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To confirm this labelling pattern, Western blotting was performed using both the pellet and 

supernatant of protein fractions obtained from the lens epithelium, outer cortex, and inner 

cortex/core regions as described in Chapter 2.7.1. The inner cortex/core fraction was essentially 

equivalent to the lens juvenile (F, G), fetal (H, I), and embryonic (J, K, L) nuclei showed in 

Figure 5-6 & Figure 5-7, while the outer cortex consists of the lens adult nuclei (D, E) and 

differentiating fibre cell (B, C). A loading of ~200 μg of protein from the pellet fraction and 

~150 μg of protein from the supernatant per lane were used (Figure 5-8). Consistent with the 

immunohistochemical localisation experiments, TRPV1 expression was present in all lens 

regions (Figure 5-8A) in both pellet and supernatant fractions, except for the epithelium, where 

it was restricted to the pellet. TRPV4 was also detected in all regions of the lens, largely 

associated with the pellet, with no labelling found in the supernatant fraction in the core region 

(Figure 5-8B). Furthermore, both TRPV1 and TRPV4 in the outer cortex regions were found 

predominantly in the supernatant fraction, consistent with a more cytoplasmic localisation 

identified in the previous immunohistochemical studies (Figure 5-6 & Figure 5-7). Taken 

together, my Western blots and immunohistochemical results confirm that both TRPV1 and 

TRPV4 are expressed in all regions of the bovine lens and that their subcellular expression 

pattern changes as a function of fibre cell differentiation, suggesting that their functionality and 

regulation might differ in the different regions of the bovine lens.  

 

Figure 5-8: Regional distribution of TRPV1 and TRPV4 in the bovine lens. Western blots of protein fractions 

obtained from either the pellet (P) or supernatant (SN) of homogenates obtained from the epithelium (Epi), outer 

cortex (OC) or combined inner cortex/core (IC/C) labelled with TRPV1 (2 µg/ml) (A) or TRPV4 antibodies (2 

µg/ml) (B). Pellet fractions contained ~200 μg of protein, and the supernatant fraction contained ~150 μg of 

protein. Arrowheads indicate the predicted molecular weight. 
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5.3 Functional roles for TRPV1 and TRPV4 in bovine lenses 

Having shown that the mechanosensitive TRPV1 and TRPV4 channels, which act as pressure 

sensors in the mouse lenses to regulate hydrostatic pressure, are also expressed in the bovine 

lens, I next wanted to show whether these TRPV channels also regulate hydrostatic pressure in 

the bovine lens. To provide context for these experiments, I will first review the 

pharmacological reagents that have been previously used to specifically modulate TRPV1 and 

TRPV4 activity in the mouse and porcine lens.  

5.3.1 Pharmacological manipulation of TRPV1/4 activity in the lens 

The approach of monitoring the changes in lens surface cell pressure utilized in this chapter 

relies on the specificity of the reagents used to modulate TRPV1 and TRPV4 channel activity. 

In this current study, a well characterized activator of TRPV4, GSK1016790A (GSK), together 

with a TRPV4 antagonist HC-067047 (HC-06) were used to stimulate and inhibit the TRPV4 

activity in the lens, respectively. GSK was identified as a novel small molecule TRPV4 

activator and had been found to have greater potency than the standard TRPV4 activator 4α-

phorbol 12,13-didecanoate (4α-PDD) (Thorneloe et al., 2008). Most importantly, GSK is 

inactive against TRPV1 channels and had no effect on TRPV1-mediated Ca2+ influx in TRPV1-

transduced cells (Willette et al., 2008). Thus, GSK has been utilised as a TRPV4 agonist to 

investigate the effects of TRPV4 activation on the regulation of lens hydrostatic pressure. Since 

TRPV1 was first identified as the capsaicin receptor (Caterina & Julius, 2001; Holzer, 1991), 

commercially available purified capsaicin (Cap) and A-889425 (A-88) were selected as 

TRPV1-specific agonists and antagonists, respectively. 

These pharmacological reagents have been used in a number of studies to investigate the 

relative roles of TRPV4 and TRPV1 on the physiological properties of the normal lens. 

Incubating intact porcine lenses in isotonic solution for 20 mins in the presence of a range of 

concentrations of GSK (1-100 nM) to activate TRPV4 produced an increase in propidium 

iodide (PI) uptake by the lens epithelium at a concentration of 10 nM GSK (Shahidullah, 

Mandal, & Delamere, 2012). When a 30 nM dose of GSK was applied to porcine lenses, 

significant effects on the lens metabolism were observed, including increased PI uptake, 

enhanced ATP release, and increased Na+/K+ ATPase activity (Shahidullah, Mandal, & 

Delamere, 2012). In cultured porcine lens epithelium cells, activation of TRPV4 with 30 nM 

GSK was shown to initiate an immediate increase in the cytoplasmic Ca2+ concentration 
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(Shahidullah, Mandal, & Delamere, 2012). These observations were replicated by exposing 

lenses to either a hyposmotic stress (Shahidullah, Mandal, & Delamere, 2012) or by inflicting 

damage to lens fibre cells (Shahidullah et al., 2015) and could be prevented by prior exposure 

to 10 µM of the TRPV4 inhibitor HC-06.  In mouse lenses, the addition of 30 nM GSK to 

activate TRPV4 initiated a transient decrease in lens surface hydrostatic pressure through the 

up-regulation of Na+/K+ ATPase activity (Gao et al., 2015).  

Less is known about the functional role of TRPV1 in the lens. In the study by Mandal et al. 

(2018), organ culturing intact porcine lenses in 100 nM capsaicin to activate TRPV1 resulted 

in a transient increase in phosphorylation of the extracellular signal-regulated kinases (ERK1/2) 

and the P38 MAPK in the lens epithelium, which was prevented by treating lenses with 1 µM 

of the TRPV1 antagonist A-88 (Mandal et al., 2018). A higher concentration of capsaicin (10 

µM) and A-88 (10 µM) was used to characterize the role played by TRPV1 in the modulation 

of the surface pressure in the mouse lens (Gao et al., 2015). Here activation of the TRPV1 

channel with capsaicin induced a rapid transient increase in the lens surface pressure. In 

contrast, capsaicin (100 nM) failed to initiate any detectable changes to hydrostatic pressure in 

TRPV1−/− lenses (Shahidullah et al., 2020). Together, these results coupled with earlier TRPV4 

studies demonstrate the reciprocal interaction of the TRPV1 and TRPV4 to actively maintain 

lens intracellular hydrostatic pressure, and therefore internal homeostasis. In the following 

sections, I will characterize the role of TRPV1/4 channels in the bovine lens by modulating 

channel activity while measuring the effect on surface pressure.  

5.3.2 Effects of TRPV1 and TRPV4 activation on surface pressure in the bovine lens  

To ensure sufficient penetration of the TRPV1/4 reagents into the larger bovine lens, I selected 

values at the higher end used in previous studies performed on the smaller mouse and porcine 

lenses. Consequently, the concentrations of TRPV4 agonist GSK and TRPV1 agonist capsaicin 

were selected to be 30 nM and 10 µM, respectively. The concentration of their antagonists was 

selected to be 10 µM for both TRPV4 (HC-06) and TRPV1 (A-88). An example of the 

experimental protocol used to determine the effects of activation of the TRPV1/4 channel on 

lens surface pressure is shown in Figure 5-9 for a lens incubated in 10 µM of the TRPV1 

agonist capsaicin. Intracellular hydrostatic pressure was recorded at room temperature as 

described in Chapter 2.10.2. Following impalement of the lens, surface pressure was first 

monitored for 30 mins prior to the addition of capsaicin. Figure 5-9 illustrates the changes in 

amplitude of the microelectrode voltage response, and thus the changes in tip resistance 
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(Figure 5-9A) before and after the application of 10 µM TRPV1 agonist capsaicin, together 

with the level of pressure applied on the microelectrode to restore the resistance at different 

time points (Figure 5-9B). In this specific experiment, an initial hydrostatic pressure (P1) of 

approximately 32 mmHg was found to be the minimal pressure required to push cytoplasm 

back into the fibre cell, and therefore, restore the amplitude of the microelectrode resistance 

back to its original value measured in the bathing solution (Re = 1.8 MΩ). Without changing 

the microelectrode location within the lens, an increase in tip resistance (∆R) was observed 

following 20 and 30 mins of capsaicin treatment, and elevated levels of pressure (P2, P3) were 

required to restore the tip resistance, indicating that activation of TRPV1 had induced an initial 

increase in surface pressure.  However, it was noticed that after approximately 50 mins of drug 

application, there was no detectable change in the microelectrode tip resistance with time when 

the pressure applied was maintained at a relatively constant level of approximately 37 mmHg 

(P3, P4). Furthermore, after 70 mins of capsaicin treatment, the tip resistance became even 

smaller than the initial measurement of Re. At this point, the positive pressure applied to the 

microelectrode was adjusted, and a smaller pressure of ~35 mmHg (P5) was found to be the 

pressure required to restore the tip resistance. These results suggest that the previously 

observed increasing trends in lens hydrostatic pressure in response to the application of 

capsaicin may have plateaued since 50 mins and started to drop at around 70 mins. 
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Figure 5-9: Experimental protocol used to measure changes in surface pressure in the bovine lens. Representative data traces recorded from a bovine lens following the 

application of 10 µM of the TRPV1 agonists capsaicin. (A) Changes in microelectrode tip resistance (Re) were quantified by passing a square current pulse (10 nA at 100 Hz) 

through the microelectrode while monitoring the voltage response. The amplitude of the responding voltage steps divided by the applied current gives the Re before the 

experiment. After the initial impalement of the microelectrode into the bovine lens, an intracellular hydrostatic pressure of approximately 32 mmHg (P1) was measured at a 

location close to the lens surface. Application of the capsaicin to activate the lens TRPV1 channel resulted in an initial increase in the microelectrode tip resistance (∆R) that 

began to drop after 70 mins of drug treatment. (B) Output of the applied pressure on the microelectrode to restore the resistance to its value recorded in the bathing solution. 

The average of this applied pressure was then recorded as the intracellular hydrostatic pressure at each time point before and after drug application. 
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To confirm these results, changes in surface cell hydrostatic pressure of multiple bovine lenses 

with capsaicin treatment (n = 5) were analysed using the same method (Figure 5-10). Initial 

values of the hydrostatic pressure measured in surface cells varied between (15 to 55 mmHg) 

due to the differences in the distance travelled by the microelectrode during the initial 

impalement of the microelectrode across the tough collagenous capsule (Figure 5-10A). Once 

placed in the lens, the pressure recorded by the lens remained relatively stable throughout the 

first 30 mins of the control incubation period in AAH. However, the subsequent addition of 

10 µM of capsaicin caused an almost immediate increase (< 20 mins) of lens surface cell 

hydrostatic pressure. To better compare the data, initial pressures were subtracted from the data 

to give a starting baseline of 0 mmHg. Changes in lens surface cell pressure (ΔP) caused by 

capsaicin are plotted in Figure 5-10B, and the time course of the average (mean ± SEM) change 

in pressure is shown in Figure 5-10C. From this biphasic time course, it can be seen that the 

capsaicin-induced activation of TRPV1 increased the surface hydrostatic pressure, which 

reached a peak of 8.88 ± 1.63 mmHg (P < 0.05) at 60 mins (TPeak) from the start of drug 

administration (Figure 5-10D). From this peak value, there was a gradual decrease in pressure 

over time, and the intracellular ∆P eventually stabilized at an intermediate level of 

3.13 ± 0.43 mmHg some 120 mins post drug application (T120). This pressure was significantly 

different from both the initial control measurement at T0 (-0.39 ± 0.57 mmHg, P < 0.05) and 

the peak response at TPeak (8.88 ± 1.63 mmHg, P < 0.05). The biphasic effects of capsaicin-

induced activation of TRPV1 on lens surface pressure recorded in the bovine lens were 

consistent with the observations in mouse lenses reported previously in Gao et al. (2015). 

However, in the mouse lens, capsaicin induced a smaller (~6 mmHg) but quicker (TPeak = 

30 mins) change in surface pressure that returned to baseline within 120 mins (Gao et al., 2015).  
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Figure 5-10: Effect of TRPV1 activation on the surface pressure in the bovine lens. (A) Time course of the 

change in pressure induced by the application of 10 µM capsaicin in 5 different bovine lenses. (B) Time course 

of the change in pressure (∆P) induced by the application of capsaicin in 5 different bovine lenses. Since initial 

hydrostatic pressure varied from 15 to 55 mmHg depending on the depth of the penetration of the microelectrode, 

data were subtracted from the initial measurement for each lens to give a measurement of ΔP during drug 

administration. (C) Time course of the average change in surface pressure in response to the application of 

capsaicin. (D) Comparison of average ∆P at the start of the experiment (T0), at the peak of the response Tpeak and 

120 mins (T120) post drug application. Values expressed as mean ± SEM. Comparisons within the groups were 

analysed by Related-Samples Friedman's Two-Way Analysis of Variance by Ranks with repeated measures, and 

Wilcoxon signed rank test post-hoc. *(P < 0.05) indicates a significant difference of compared values. 
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To investigate the effect of TRPV4 activation on the bovine lens, 30 nM of GSK was applied 

to the lens while simultaneously recording lens intracellular ∆P near the surface. The initial 

pressure at the lens surface varied between 5 and 32 mmHg and remained relatively stable for 

30 mins under control conditions (n = 6, Figure 5-11A, B).  When compared to the average 

change in lens intracellular ∆P obtained after the control incubation at T0 (0.47 ± 0.94 mmHg), 

TRPV4 activation by GSK induced a significant decrease in lens intracellular hydrostatic 

pressure near the surface by a mean of -6.29 ± 1.63 mmHg (P < 0.05, Figure 5-11D) that 

reached a peak at around 50 mins (TPeak) after drug application. This initial reduction in lens 

pressure was followed by a gradual return of the pressure, illustrated by the positive increase 

in ∆P towards zero after reaching the peak. After 120 mins of drug treatment, the pressure 

eventually stabilized at a level of -1.72 ± 0.87 mmHg smaller than the peak response observed 

at TPeak (P < 0.05), but at a similar level as the baseline measurement at T0 (P > 0.05), indicating 

that the pressure has almost completely returned after 120 mins of GSK application. Again the 

effects of the GSK-induced activation of TRPV4 in the bovine lens were similar to the results 

obtained in the mouse lens (Gao et al., 2015). However, the magnitude of the response and rate 

of change varied slightly between the two species. The peak change in pressure recorded in 

bovine lenses in response to the application of GSK was slightly larger than the published 

measurement in mouse lenses (~-6.3 vs. ~-4.5 mmHg). The time to reach the peak was also 

longer in the larger bovine lens compared to the mouse (50 mins vs. 40 mins) (Gao et al., 2015). 

However, the return of the pressure towards baseline occurred over a similar time frame in both 

species.  

In summary, the results presented in this section show that activation of either TRPV1 or 

TRPV4 in the bovine lens initiates a biphasic increase or decrease, respectively, in surface 

pressure that ultimately returns towards its original value presumably by activating the 

opposing arms of the dual feedback pathway designed to maintain a constant hydrostatic 

pressure gradient. This hypothesis is tested in the next section. 
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Figure 5-11: Effect of TRPV4 activation on the surface pressure in the bovine lens. (A) Time course of the 

change in pressure induced by the application of 30 nM of GSK in 6 different bovine lenses. (B) Time course of 

the change in pressure (∆P) induced by the application of GSK in 6 different bovine lenses. Since initial 

hydrostatic pressure varied from 5 to 32 mmHg depending on the depth of the penetration of the microelectrode, 

data were subtracted from the initial measurement for each lens to give a measurement of ΔP during drug 

administration. (C) Time course of the average change in surface pressure in response to the application of GSK. 

(D) Comparison of average ∆P at the start of the experiment (T0), at the peak of the response Tpeak and 120 mins 

(T120) post drug application. Values expressed as mean ± SEM. Comparisons within the groups were analysed by 

Related-Samples Friedman's Two-Way Analysis of Variance by Ranks with repeated measures and Wilcoxon 

signed rank test post-hoc. *(P < 0.05) indicates a significant difference of compared values, and ns represents no 

significant difference.
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5.3.3 Characterisation of the biphasic effect of TRPV1 and TRPV4 activation of 

surface pressure in the bovine lens 

Based on pervious experiments conducted on the mouse lens, I hypothesized that the observed 

positive and negative biphasic changes in surface pressure induced by activation of TRPV1 or 

TRPV4, respectively, was due to the activation of the opposing arm of a dual feedback system 

designed to maintain a constant hydrostatic pressure gradient. If this view is correct, then I 

would expect that first inhibiting one arm of this feedback system and then activating the other 

arm of the system would produce a sustained change in surface pressure. To test this, the initial 

period to collect baseline values for lens pressure was followed by a 30 min period in which 

lenses were exposed to either TRPV1 or TRPV4 inhibitors to break the feedback response prior 

to the addition of the opposing TRPV1 or TRPV4 activator. 

Experiments to determine whether TRPV4 channels are involved in mediating the biphasic 

response observed following TRPV1 activation are shown in Figure 5-12. In four lenses, the 

initial surface pressure remained stable (35.90 ± 5.57 mmHg, Figure 5-12A) for the initial 

30 mins of recording under control conditions and was not markedly affected by the subsequent 

application of 10 µM of the TRPV4 inhibitor HC-06. This suggests that under the current 

experimental conditions (i.e., room temperature), TRPV4 channels in the bovine lens are either 

inactive or only have a low level of basal activity. The subsequent addition of the TRPV1 

activator capsaicin in the continued presence of the TRPV4 antagonist HC-06 resulted in 

sustained increase in surface pressure that was maintained throughout the whole experiment.  

By the end of the experiment duration, some 120 mins after the application of capsaicin (T120), 

lens intracellular ∆P stayed elevated and reached a steady state level of 6.87 ± 0.64 mmHg. 

This observed change in lens intracellular ∆P at T120 was statistically higher than the changes 

observed during the control (T0) incubation period (6.87 ± 0.64 mmHg vs. -0.95 ± 0.79 mmHg, 

P < 0.05). 
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Figure 5-12: Effect of TRPV4 inhibition of the biphasic increase in surface pressure induced by TRPV1 

activation in the bovine lens. (A) Time course of the change in pressure induced by the application of 10 µM 

capsaicin in the presence of 10 µM of HC-06 in 4 different bovine lenses. (B) Time course of the change in 

pressure (∆P) induced by the application of 10µM capsaicin in the presence of 10 µM of HC-06 in 4 different 

bovine lenses. Since initial hydrostatic pressure varied from 24 to 47 mmHg depending on the depth of the 

penetration of the microelectrode, data were subtracted from the initial measurement for each lens to give a 

measurement of ΔP during drug administration. (C) Time course of the average change in surface pressure in 

response to the application of capsaicin in the presence of HC-06. (D) Comparison of average ∆P at the start of 

the experiment (T0), after 30 mins of TRPV4 inhibition (TInhition), and 120 mins post TRPV1 activation (T120). 

Values expressed as mean ± SEM. Comparisons within the groups were analysed by Related-Samples Friedman's 

Two-Way Analysis of Variance by Ranks with repeated measures, and Wilcoxon signed rank test post-hoc. *(P 

< 0.05) indicates a significant difference of compared values, and ns represents no significant difference.
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Experiments to determine whether TRPV1 channels are involved in mediating the biphasic 

response observed following TRPV4 activation are shown in Figure 5-13. In four lenses, the 

initial surface pressure remained stable (25.67 ± 6.59 mmHg, Figure 5-13B) for the initial 30 

mins of recording under control conditions and was not markedly affected by the subsequent 

application of 10 µM of the TRPV1 inhibitor A-88. Again, this observation suggests that under 

the current experimental conditions (i.e., room temperature), TRPV1 channels in the bovine 

lens are either inactive or only have a low level of basal activity. The subsequent addition of 

the TRPV4 activator GSK in the continued presence of the TRPV1 antagonist A-88 resulted in 

a sustained decrease in surface pressure that was maintained throughout the whole experiment.  

By the end of the experiment duration, some 120 mins after the application of GSK (T120), lens 

intracellular ∆P stayed reduced and reached a steady state level of -4.17 ± 1.42 mmHg. 

Although this change in pressure was sustained, it proved not to be statistically different when 

compared to the measurement after control incubation at T0 (0.42 ± 0.21 mmHg, P > 0.05) and 

after TRPV1 inhibition at TInhibition (-0.30 ± 0.60 mmHg, P > 0.05). This lack of significance is 

probably due to the small sample size, but it still shows the expected loss of the biphasic time 

course. 
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Figure 5-13: Effect of TRPV1 inhibition of the biphasic increase in surface pressure induced by TRPV4 

activation in the bovine lens. (A) Time course of the change in pressure induced by the application of 30 nM 

GSK in the presence of 10 µM of A-88 in 4 different bovine lenses. (B) Time course of the change in pressure 

(∆P) induced by the application of GSK in the presence of A-88 in 4 different bovine lenses. Since initial 

hydrostatic pressure varied from 11 to 43 mmHg depending on the depth of the penetration of the microelectrode, 

data were subtracted from the initial measurement for each lens to give a measurement of ΔP during drug 

administration. (C) Time course of the average change in surface pressure in response to the application of GSK 

in the presence of A-88. (D) Comparison of average ∆P at the start of the experiment (T0), after 30 mins of TRPV1 

inhibition (TInhition), and 2 hours post TRPV4 activation (T120). Values expressed as mean ± SEM. Comparisons 

within the groups were analysed by Related-Samples Friedman's Two-Way Analysis of Variance by Ranks with 

repeated measures, and Wilcoxon signed rank test post-hoc. ns represents no significant difference.
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To obtain a better visualization and understanding of the interaction between the TRPV1 and 

TRPV4 pathways that modulate lens hydrostatic pressure, data obtained from different 

treatment groups were superimposed to facilitate their comparison (Figure 5-14). For the 

TRPV1-activated pathway, it can be seen that the initial inhibition of TRPV4 channels induced 

a more sustained increase in lens hydrostatic pressure near the lens surface as compared to the 

effect of TRPV1 activation alone (Figure 5-14A). These conclusions are supported by the 

statistical comparison of the results at different time points during the two experiments (Figure 

5-14B). It is evident that the difference in lens intracellular ∆P at T120 was indeed statistically 

different between the two groups of lenses with or without TRPV4 inhibition (3.14 ± 0.44 vs. 

6.87± 0.64 mmHg, P < 0.05). Similarly, initial inhibition of TRPV1 before the activation of 

TRPV4 induced a more sustained reduction in lens intracellular ∆P near the lens surface as 

compared to the effect of TRPV4 activation alone (Figure 5-14C). It can be seen that lenses 

with TRPV1 inhibition tend to have a more negative intracellular ∆P at T120 than lenses without 

the inhibition, although the differences were not statistically significant, potentially due to the 

small sample size (Figure 5-14D). Taken together, the results presented in this section show 

that TRPV1 and TRPV4 channels are active in the bovine lens, where they interact to maintain 

the magnitude of the intracellular hydrostatic pressure gradient. 
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Figure 5-14: Comparison of the effects of the modulation of TRPV1 and TRPV4 activity on surface pressure 

in the bovine lens. (A) Comparison of the average time course of activation of TRPV1 with capsaicin in the 

absence (light red) and presence (red), of the TRPV4 inhibitor HC-06. (B) Changes in intracellular mean ΔP in 

bovine lens surface cells recorded at T0, T60, and T120 in TRPV1 activated lenses in the absence and presence of 

the TRPV4 inhibition. (C) Comparison of the average time course of activation of TRPV4 with GSK in the 

absence (light blue) and presence (blue), of the TRPV1 inhibitor A-88. (D) Changes in intracellular mean ΔP in 

bovine lens surface cells recorded at T0, T60, and T120 in TRPV4 activated lenses in the absence and presence of 

the TRPV1 inhibition. All data are presented as mean ± SEM. The differences in lens pressure response between 

the treatment group and the control group at each time point were assessed by conducting Independent-Samples 

Mann-Whitney U Test. *(P < 0.05) indicates a significant difference of compared values. 
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5.4 Summary 

In this chapter I have used Western blotting and immunocytochemistry to first confirm that 

TRPV1 and TPRV4 channels are both expressed in the bovine lens (Figure 5-4 & Figure 5-5). 

This analysis has shown that the expression of TRPV1 and TRPV4 is not limited to the lens 

epithelium (Delamere et al., 2016; Shahidullah, Mandal, & Delamere, 2012), but is expressed 

in all regions of the bovine lens (Figure 5-6, Figure 5-7 & Figure 5-8), a result which is 

consistent with the expression pattern found in the mouse lens (Nakazawa et al., 2019). Like 

the mouse lens, the subcellular distribution of TRPV1 and TRPV4 in the bovine lens undergoes 

a translocation process from being strongly associated to the cytosol in the lens epithelium and 

outer cortex regions, to be exclusively associated with fibre cell membranes in the lens core 

(Figure 5-6, Figure 5-7 & Figure 5-8). The strong association of TRPV1&4 with the 

membrane in the lens core suggests that these transporters could potentially be active in this 

region. This phenomenon of differentiation-dependent membrane insertion has been observed 

for a variety of transporter proteins in the lens (Chee et al., 2006; Grey et al., 2003; Lim et al., 

2006; Merriman-Smith et al., 1999). This phenomenon has been attributed to the inability of 

the mature fibre cells to perform de novo protein synthesis due to the degradation of cellular 

organelles as part of the process of  fibre differentiation (Bassnett, 2002). Hence, young 

differentiating fibre cells tend to produce a cytoplasmic store of membrane proteins that can be 

inserted into the membrane at specific stages of lens fibre cell differentiation to compensate for 

the lack of membrane protein synthesis in the deeper lying fibre cells (Donaldson & Lim, 2008). 

Furthermore, the cytoplasmic location of TRPV1 and TRPV4 channels in the outer regions of 

the bovine lens suggests that in these outer regions of the lens, the channels are inactive. 

However, in the mouse lens, Nakazawa et al. have shown that both TRPV1 (unpublished results) 

and TRPV4 (Nakazawa et al., 2019) can dynamically translocate to the plasma membrane to 

become functionally active in response to a range of pharmacological reagents, osmotic stimuli, 

and in response to changes in zonular tension.  Taken together, the expression of TRPV1 and 

TRPV4 throughout the entire lens suggest they play distinct functional roles in the different 

regions of the lens, where they can contribute to the regulation of the lens intracellular 

hydrostatic pressure. 

Then to test the functional activity of these channels, I utilized my pico-injector based pressure 

measurement system to characterise the changes in hydrostatic surface pressure (ΔP) in 

response to pharmacological manipulation of TRPV1 and TRPV4 activity and confirmed that 
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the TRPV1/4 mediated dual feedback system identified on the mouse also operates in the larger 

bovine lens. I have shown that pharmacological interventions to activate TPRV1 or TPRV4 

channels initiate a biphasic increase (Figure 5-10) and decrease (Figure 5-11) in bovine lens 

surface pressure, respectively. These results suggest the presence of a dual feedback regulation 

system similar to that seen in the mouse lens (Gao et al., 2015; Shahidullah et al., 2020) 

operates in the bovine lens to maintain surface pressure constant. To confirm this, I have also 

shown that blocking one arm of the feedback pathway before activating the other produces a 

sustained change in pressure (Figure 5-13).   

Although the regulation of surface hydrostatic in the mouse and the bovine lens is essentially 

similar, some species dependent variations in pressure responses were observed. Specifically, 

the kinetics and magnitude of the pressure response varied between the mouse and bovine lens. 

This inter-species difference in response rate and magnitude could simply be a result of 

differential drug penetration efficiency since the size of the two species of the lens is 

dramatically different. The penetration of a drug into the lens is a process that depends on both 

passive diffusion and the delivery of the drug by the lens microcirculation system. Although 

the combined effect of these two processes has been shown to be quicker than passive diffusion 

alone, the flow rate is still dependent on the lens size (Mathias et al., 1997, 2007). Considering 

the radius of the bovine lens is some 8 times larger than the mouse, the slower penetration of 

TRPV1/4 reagents into the bovine lens could contribute to the longer response times observed 

in the bovine lens. However, the magnitude of the effects of activation TRPV1 and TRPV4 

channels on surface pressure were greater in the bovine lens than the smaller mouse lens, 

suggesting the possible involvement of other factors. One could be the difference in the protein 

expression levels in the lens between two species that accounts for the number of available 

binding sites for target binding. To confirm this hypothesis, quantitative Western blot analysis 

could be employed in the future to analyse the differences in TRPV1 and TRPV4 expression 

levels. 

Regardless of the differences in time course and magnitude between the mouse and bovine lens, 

my results show that the regulation of the hydrostatic pressure gradient is a feature of both 

lenses. The confirmation that the bovine lens actively generates an internal hydrostatic pressure 

gradient, which is subjected to regulation by TRPV1/4 mediated dual feedback pathways, 

affords me the opportunity to investigate if changes to the magnitude of the pressure gradient 

affect the optical properties of the lens. To achieve this, in the next Chapter I have using a Laser 

Ray Tracing system designed to measure the optical properties of the large bovine lens. 
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 Effect of transient changes in 

lens surface pressure on the lens optics 

In the previous chapters I have verified that like the smaller mouse lens, the larger bovine lens 

also generates an intracellular hydrostatic pressure gradient (Chapter 4), which is actively 

maintained by a dual feedback system that utilises TRPV1 and TRPV4 mechano-sensitive 

channels to sense and transduce changes in lens pressure (Chapter 1). In the remaining two 

chapters, I now present my efforts to test the hypothesis that the pressure gradient is linked to 

the maintenance of optical properties of the lens. To achieve this, I have utilized a laser ray 

tracing (LRT) system previously developed in the MVL to study the optical properties of the 

bovine lens (Qiu et al., 2017). In this chapter, I have applied this system to investigate whether 

activation of the TRPV1 or TRPV4 mediated arms of the feedback system alters the optical 

power of the lens. Because of the relatively rapid and transient changes to hydrostatic pressure 

evoked by TRPV1/4 activators, I first needed to adapt the LRT system so that it could monitor 

in real time any changes to lens power induced by alterations in surface pressure. To achieve 

this, I developed a direct power scanning mode and performed proof-of-principle experiments 

to observe whether this system could detect rapid changes in lens optical power induced by 

exposing lenses to ouabain, a Na+/K+ ATPase inhibitor that is known to inhibit the lens 

microcirculation (Mathias et al., 1997; Robinson & Patterson, 1983) and affect both the pressure 

gradient (Gao et al., 2011) and lens optics (Vaghefi et al., 2015). Using this direct power scan 

mode to measure the back focal length, I was able to observe dynamic changes to lens optical 

power over extended periods of time in organ cultured bovine lenses, which were treated with 

different pharmacological reagents to induce dynamic changes in lens hydrostatic pressure. My 

results show that although temporarily reducing the lens hydrostatic pressure by activating 

TRPV4 failed to elicit a measurable power response, the transient increase in lens pressure 

following TRPV1 activation lead to an associated transient increase in the lens optical power. 

Before discussing these results, the optimisation of the system and experimental protocols to 

allow time-lapse power scanning are first detailed. 
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6.1 Optimisation of the LRT system to monitor in real time changes to 

the optical power of the bovine lens 

A previous project in the MVL had utilised the LRT system to investigate the effects that 

inhibiting the microcirculation had on the steady state optical properties of the organ cultured 

bovine lens (unpublished data from Chen Qiu Doctoral thesis (2019)). In this section, I detail 

the alterations I made to this system to facilitate the rapid measurement of lens power and also 

modifications in the way the lens was mounted in the system so that the zonular tension applied 

to the lens could be maintained. 

6.1.1 Development of a rapid LRT direct power scan protocol 

Pervious experiments that utilised the LRT system to measure changes in the optical properties 

of the lens assessed changes that occurred over a period of four hours, with data points being 

collected every ~60 mins. This time interval was required to allow multiple ray trajectory data 

sets at different projection angles to be collected. These data sets were essential for the retrieval 

of the GRIN, which together with measurements of lens geometry were subsequently used to 

calculate lens power. Although this recording configuration of the LRT system provided 

valuable information about the relative contribution of the GRIN to the overall steady state 

optical performance, it is not fast enough to capture the changes to lens optics that would be 

induced by the more rapid (20 to 60 mins) and biphasic changes in hydrostatic pressure induced 

by TRPV1/4 channel activation. However, more direct measurements of lens power obtained 

from measuring the back focal length of the lens can be acquired more rapidly on a time scale 

that is better suited to assessing the effects of changes in lens pressure on overall lens optics. 

Hence, to be able to capture rapid and transient changes in lens optical power, I modified the 

existing LRT experimental protocol and utilized the LRT post-imaging processing algorithm 

to obtain direct optical measurements of the lens focal length over time. This LRT direct power 

scan protocol was integrated into a written MATLAB script that delivered three parallel laser 

rays through the bovine lens (details see Chapter 2 and section 2.11.2). The first central ray 

was adjusted to pass un-refracted through the center of the lens and was used as an 

approximation of the optical axis of the lens. The other two laser beams were delivered parallel 

to this estimated optical axis and passed through the paraxial region (~20%) of the lens. The 

individual rays and their exterior trajectories along the meridional plane were then segmented 

and overlaid in order to form a single image (Figure 6-1). Extrapolating the exit ray paths 
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enabled the detection of the point of convergence, and therefore the measurement of the lens 

back focal length and vertex power2. In this study, the paraxial focal length of the lens was 

measured as the distance from the anterior vertex of the lens to the lens focal point (i.e., the 

intersection of the two-paraxial exit rays). The anterior pole was estimated from the intersection 

of the optical axis with the lens anterior surface. Although focal length is usually measured 

from the principal plane, for comparison of the lens optical properties over time with different 

pharmacological manipulations in this study, it was measured from the pole because less error 

is associated with determining the position of the pole than the principal plane. As a result of 

these modifications, I was able to use the LRT system to assess whether short-term variations 

in lens hydrostatic pressure induce any parallel effects on lens optical power. 

 

Figure 6-1: LRT direct power scan protocol. An image of a subset of rays obtained using the LRT direct power 

scan protocol has been combined into a single image and converted into a grayscale image. This image is then 

overlaid with the segmented incident (green) and refracted (yellow) ray path. By extrapolating the refracting rays, 

we are able to directly measure the lens focal point and, therefore, the back vertex power as the reciprocal of the 

focal length.  

6.1.2 Maintenance of zonular tension on lenses during LRT experiments  

In previous LRT studies, the optical properties of isolated bovine lenses, which had been 

removed from the eye by cutting the zonules that attach the lens to the ciliary body, were 

assessed. Recent experiments in the MVL have shown that cutting the zonules to release the 

tension applied to the lens can alter the subcellular location of TRPV4 channels (Nakazawa et 

al., 2019) and the pressure gradient (Y. Chen et al., 2019) in the mouse lens. While in the 

bovine lens, cutting the zonules produced a slow remodelling of fibre cell morphology in a 

                                                      
2
 Power is calculated as the reciprocal of focal length. 
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discrete zone in the outer cortex of organ cultured lenses (unpublished data from Zhiying Kong 

Doctoral thesis (2020)). Interestingly, this slow remodelling of fibre cell morphology and 

overall lens geometry can be abolished by maintaining the normal zonular tension applied to 

the bovine lenses during organ culture. The system used in this earlier study to maintain zonular 

tension is described in Chapter 2 Section 2.6. It consists of a pair of concentric interlocking 

rings to clamp the ciliary muscle and retain the orientation of the ciliary body, zonules, and 

lens to ensure that the tension applied to the lens in situ is maintained in organ culture. I 

therefore decided to utilise these concentric interlocking rings to support the bovine lenses used 

in my LRT experiments.   

This simple dual ring system not only was able to maintain normal in vivo zonular tension 

throughout the period of organ culture but, more importantly, was small enough to fit into the 

existing LRT incubation chamber. Thus, the mounting system did not block the incident and 

refracted laser rays and also provided a sufficiently clear view of the anterior and posterior 

surfaces of the lens to allow the lens geometry to be extracted. To incorporate the lens clamp 

into the LRT system, I had to modify the design of the LRT lens holder (see Figure 2-10, 

Chapter 2). This involved taking the original lens holder that consisted of a thin stainless steel 

plate with a 24 mm hole in the middle, and cutting in two concentric annuli to hold a stand onto 

which the interlocking rings were placed. Having optimized the LRT system to accommodate 

lens with their zonules attached and to monitor dynamic changes to lens optics over time, I first 

wanted to test the ability of the newly configured system to record dynamic changes in optical 

power in bovine lenses exposed to a physiological challenge known to disrupt the lens cellular 

physiology and pressure.  
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6.2 Utilisation of LRT direct power scan to study in real time the effect 

of changing in lens physiology on the overall optical properties 

To test the optimised LRT system, I decided to use the Na+/K+ ATPase inhibitor ouabain, which 

has been shown to inhibit the lens microcirculation system (Mathias et al., 1997; Robinson & 

Patterson, 1983) and induce an increase in the optical power of the bovine lens (Vaghefi et al., 

2015). To monitor the time course of the effects of ouabain on lens power, bovine lenses were 

mounted into the ring adaptor, placed on LRT system holding the plate with their anterior 

surfaces facing up, and the LRT incubation chamber filled with either AAH or AAH + ouabain. 

Laser rays were passed through the ocular lens along the meridional plane (Figure 6-1) every 

10 mins for up to two hours. At each time point, the rays were segmented (Chapter 2, subsection 

2.11.2), tabulated in MATLAB, and plotted on a Cartesian plane (Figure 6-2) so that the 

change of the focal point can be evaluated over time. On the Cartesian plots, the black and 

orange dashed lines represent the fitted entrance and exit beams, respectively, while the solid 

circles (black and red) indicate the lens focal point where the two fitted exit beams intersect in 

the bovine lens incubated in AAH (Figure 6-2A, black) and AAH + ouabain (Figure 6-2B, 

red). 
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Figure 6-2: Analysis of the effects of inhibiting the microcirculation system with ouabain on lens power. 

Results from two representative bovine lenses organ cultured in AAH (A), and AAH + 0.5 mM Ouabain (B) for 

up to two hours. The black and orange dashed lines represent the fitted entrance and exit beams through the bovine 

lens and the solid circle (black or red) indicate the lens focal point where the two fitted exit beams intersect. The 

blue dashed lines are used as references to show how the lens focal point changes over the course of the 

experiment. 
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This analysis was repeated in a total of four experiments, and change in lens back vertex power 

over time is plotted on (Figure 6-3). Bovine lenses mounted in the ring adaptor had an initial 

mean refractive power of 26.56 ± 0.27 diopters that remained stable for the 2-hour incubation 

period in AAH solution (Figure 6-3A). The small variations in lens power observed at the 

beginning of the experiments could potentially due to the inherent variability in the geometrical 

parameters of the lenses of different ages that were obtained from the meat works. Alternatively, 

these inter-lens variations could be due to random differences in the dissection process that 

resulted in small differences in the force applied to the lens. To minimize these potential effects, 

care was taken during the dissection process to avoid over-or under-stretching the bovine lens. 

Furthermore, to better compare the data, initial power measurements were subtracted from the 

data to give a starting baseline of 0 diopters. This change in optical power over time is shown 

in Figure 6-3B, and the time course of the average (± SEM) change in power is shown in 

Figure 6-3C. From the resultant plot, it is evident that organ culturing bovine lenses in AAH 

solution with in situ zonular tension maintained showed no significant changes in optical power 

over time (Figure 6-3C, P > 0.05). In contrast, bovine lenses incubated in AAH + ouabain 

solution had initial refractive power of 27.90 ± 0.47 diopters (n = 4), which started to increase 

after 10 mins of incubation by 1.07 ± 0.50 diopters (Figure 6-3D, P < 0.05) and reached the 

peak at 70 mins (2.60 ± 0.74 diopters, P < 0.0001) confirming the dynamic shift in lens 

refractive power in response to the ouabain induced inhibition of the lens circulation system. 

In summary, these proof-of-principle experiments show that the LRT direct power scan 

protocol can be applied to organ-cultured bovine lenses to monitor dynamic changes to lens 

optical power in real time. Next I wanted to determine if I could detect whether activation of 

TRPV1/4 channels could alter lens power. 
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Figure 6-3: Time course of the effects of ouabain on lens power. Time course of the change in total lens power 

induced by organ culturing bovine lenses in AAH (A) and AAH + ouabain (D). Changes in lens power induced 

by organ culturing bovine lenses in control AAH solution (B) and ouabain AAH solution (E). Plots of the mean 

change in power over 2 hours for four lenses incubated in control AAH (C) showed no significant change, whereas 

incubation in the presence of ouabain (F) tends to increase lens refractive power over time. Values expressed as 

mean ± SEM. Statistical analysis comparing the average changes in bovine lens optical power at each time point 

within each group was performed using Friedman's ANOVA with Dunn's multiple comparison test (* P < 0.05. 

** P < 0.01. *** P < 0.001. **** P <0 .0001). Significant changes in lens optical power were observed in ouabain 

treated lenses. 
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6.3 Effect of transient changes in lens pressure on lens power 

Having confirmed that I could detect dynamic changes in lens optical power and that bovine 

lenses organ cultured with zonular tension maintained are capable of preserving their optical 

power over the 2-hour incubation period, I next wanted to investigate the effect of regulating 

bovine lens hydrostatic pressure (water transport) on the lens optical power.  

6.3.1  Effect of TRPV4 activation on lens power 

To achieve this 30 nM of GSK was used to activate TRPV4 channels, while simultaneously 

recording lens optical power using the LRT direct power scan protocol. Although in the 

previous chapter, I have shown that 30 nM of GSK caused a significant reduction in bovine 

lens surface cell hydrostatic pressure over a short period of time (see Chapter 5, Section 5.3.1), 

the lens optical power remained relatively stable during the two-hour incubation period (Figure 

6-4A). To better visualize the data, I plotted the change in optical power over time in response 

to the addition of GSK (Figure 6-4B) and compared this to control lenses incubated in AAH 

(Figure 6-4C). Further comparison and statistical analysis of the mean (± SEM) changes in 

lens optical power between the treatment and control groups is shown in Figure 6-4D. It is 

evident that GSK-induced activation of TRPV4 had no significant effect, relative to control 

lenses, on optical power. Thus, although TRPV4 activation induced a transient reduction in 

intracellular hydrostatic pressure, this reduction in pressure did not appear to affect lens power. 
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Figure 6-4: Effect of TRPV4 activation induced a transient decrease in pressure on the optical power in the 

bovine lens. (A) Time course of the change in total optical power induced by the application of 30nM of GSK in 

4 different bovine lenses. (B) Time course of the change in power induced by the application of GSK in 4 different 

bovine lenses. (C) Comparison of the mean change in power induced by organ culturing in the absence (grey) and 

presence (blue) of the TRPV4 activator GSK. (D) Mean change in power of bovine lenses recorded at discrete 

time points in TRPV4 activated lenses and control lenses. Values expressed as mean ± SEM. The differences in 

the lens optical response between the treatment group and the control group at each time point were assessed by 

conducting Independent-Samples Mann-Whitney U Test. *(P < 0.05) indicates a significant difference of 

compared values. No statistically significant difference in the average changes in lens optical power was found 

between the treatment and control group, although a small but significant increase in the optical power was found 

in TRPV4 activated lenses at time 70 mins.  
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6.3.2 Effect of TRPV1 activation on lens power 

Although these initial results of TRPV4 activation were disappointing, I continued to 

investigate the effects of a transient increase in lens hydrostatic pressure on the lens optics. 

Application of 10 µM of capsaicin, while simultaneously recording lens optical power, was 

performed in four intact bovine lenses mounted in the ring clamp. These four bovine lenses 

had a range of initial optical powers that varied from 25.7 to 27.1 diopters (n = 4, Figure 6-5A), 

and there was considerable variation over time in the magnitude of their optical power 

following the addition of capsaicin. Changes in lens optical power obtained from each of the 

four lenses are shown in Figure 6-5B, and it appears that the increased hydrostatic pressure 

induced by the activation of TRPV1 with capsaicin also caused an increase in lens optical 

power at discrete time points following drug treatment. This impression was further confirmed 

by plotting and comparing the average changes in optical power obtained from lenses with 

capsaicin treatment (Figure 6-5C) to lenses incubated in AAH (Figure 6-5C). When compared 

to the control group, the lens optical power was significantly increased in the first 20 mins of 

capsaicin treatment (Figure 6-5D, P < 0.05) but underwent no further significant changes 

within the next 40 mins. Interestingly, there was a small but significant increase in lens optical 

power at 70 mins after drug application, which remained elevated for another 20 mins 

(P < 0.05).  

Taken together, these experiments have demonstrated that while the transient reduction in lens 

hydrostatic pressure induced by activating TRPV4 had minimal effect on bovine lens optical 

property, the transient increase in lens pressure induced by activating TRPV1 appears to evoke 

a transient but significant increase in lens optical power.   
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Figure 6-5: Effect of TRPV1 activation induced a transient decrease in pressure on the optical power in the 

bovine lens. (A) Time course of the change in optical power induced by the application of 10 µM of capsaicin in 

4 different bovine lenses. (B) Time course of the change in power induced by the application of capsaicin in 4 

different bovine lenses. (C) Comparison of the mean change in power induced by organ culturing in the absence 

(grey) and presence (red) of the TRPV1 activator capsaicin. (D) Mean change in power of bovine lenses recorded 

at discrete time points in TRPV1 activated lenses and control lenses. Values expressed as mean ± SEM. The 

differences in lens optical response between the treatment group and the control group at each time point were 

assessed by conducting Independent-Samples Mann-Whitney U Test. *(P < 0.05) indicates a significant difference 

of compared values.  
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6.4 Effect of transient changes in lens pressure on lens thickness 

Having shown that modulations of lens intracellular hydrostatic pressure differentially affect 

lens optical power and demonstrated that the changes were transient, I next wanted to determine 

how each individual perturbation affects lens geometry over time. The geometrical parameter 

that I will focus on in this section is the lens axial thickness, which can be calculated by 

measuring the distance between where the laser ray, which passes through the optical axis of 

the lens, enters and leaves the lens (Chapter 2, subsection 2.11.2). Using this measurement, it 

was possible to monitor whether lens axial thickness was altered by changes in lens pressure 

induced by TRPV1/4 activation (Figure 6-6). In GSK-treated lenses, activation of TRPV4 did 

not significantly change axial thickness, although a trend for a decrease in thickness was 

observed towards the end of the 2-hour incubation period (Figure 6-6A), but this change was 

not statistically significant (Figure 6-6B). For capsaicin-treated lenses, activation of TRPV1 

caused an initial increase in axial thickness, which slowly returned back to the baseline (Figure 

6-6C), however, these changes again were not statistically significant (Figure 6-6D). This 

analysis allows us to conclude that the dynamic changes in lens optical power observed in 

subsection 6.3 are occurring in the absence of any significant changes in lens thickness. 

However, monitoring changes in lens thickness alone does give a complete view of lens 

geometry since it does not take into account changes to surface curvatures of the lens. Hence, 

a more comprehensive way of assessing how the key optical parameters that set lens power are 

changing in response to TRPV1/4 activation. 
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Figure 6-6: Comparison of the effects of the modulation of TRPV1 and TRPV4 activity on the thickness of 

the bovine lens. (A) Comparison of the average time course of activation of TRPV4 with GSK (blue) and control 

untreated lenses (grey). (B) Changes in mean thickness of bovine lens recorded at discrete time points in TRPV4 

activated lenses (blue) and control lenses (grey). (C) Comparison of the average time course of activation of 

TRPV1 with capsaicin (red) and control untreated lenses (grey). (D) Changes in mean thickness of bovine lens 

recorded at discrete time points in TRPV1 activated lenses (red) and control lenses (blue). Values expressed as 

mean ± SEM. The differences in the average change in lens thickness between the treatment group and the control 

group at each time point were assessed by conducting Independent-Samples Mann-Whitney U Test. *(P < 0.05) 

indicates a significant difference of compared values. No significant changes were observed when comparing the 

treatment groups with either TRPV1 activation or TRPV4 activation to the control group. 
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6.5 Summary 

In this chapter, I have described the development and optimization of the protocols used to 

monitor dynamic changes to optical power in organ cultured bovine lenses using a bespoke 

LRT system. By inhibiting the lens microcirculation system with ouabain to block lens Na+ 

pumps, I was able to verify that my new LRT direct power scan protocol was capable of 

dynamically capturing the expected increase in lens optical power induced by ouabain (Figure 

6-3). However, the activation of TRPV4 with GSK had no significant effect on lens power 

(Figure 6-4), suggesting that bovine lenses were able to maintain their optical power even 

when there was an associated transient decrease in lens intracellular hydrostatic pressure. 

Consistent with this result, my initial analysis of axial thickness showed no significant changes, 

although there was a trend towards a decrease in lens thickness over time (Figure 6-6A, B). In 

contrast, the activation of TRPV1 with capsaicin caused a significant transient increase in lens 

power (Figure 6-5) and a trend towards, albeit not significant, an increase in axial thickness 

(Figure 6-6C, D). 

Taken together, it appears that activation of TRPV1 and TRPV4 channels are inducing opposite 

effects on lens optics and axial thickness, but the results are not convincing. This is perhaps 

not surprising considering that the overall optical power of the crystalline lens is a complex 

optical property that is determined by a combination of lens geometry (surface curvatures) and 

the GRIN distribution within the lens (Atchison & Smith, 2017). It has been previously shown 

that inhibiting the microcirculation system resulted in alterations to both of these optical 

parameters (Vaghefi et al., 2015). It is possible, therefore, that the transient alterations in lens 

pressure initiated by TRPV1 or TRPV4 activation have inverse effects on the lens volume 

(geometry) and the water to protein ratio (GRIN), which negate any significant changes in 

overall lens optical power. To investigate this possibility, in the next Chapter I have used a 

combination of TRPV1/4 inhibitors and activators to induce a shift in steady state surface 

pressure and have used the LRT system in a different recording mode to monitor how lens 

geometry, GRIN, and power change in response to a sustained change in lens pressure.  
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 Effect of shifting lens steady 

state surface pressure on lens optics and 

vision quality 

In the previous chapter, I optimised protocols to dynamically measure changes in lens optics 

and attempted to determine whether regulation of lens surface pressure, via pharmacological 

activation of either TRPV1 or TRPV4, modulated overall lens power. Unfortunately, these 

experiments were inconclusive. I reasoned that this was due to the fact that overall 

measurements of optical power alone are insufficient to capture all relevant aspects of the 

physiological optics of the lens. The overall power of the lens is a combination of its non-

spherical geometry (volume) and its inherent GRIN (water to protein ratio), both of which 

could be potentially affected by changes to the lens microcirculation system. In this chapter, I 

test this notion by examining how changes in TRPV1/4 channel activity induce long-term 

changes in lens steady state surface pressure, and thus lens internal water transport, alters the 

relative contributions of lens geometry and GRIN distribution to overall power. To achieve this, 

I exposed lenses to a combination of TRPV1/4 inhibitors and activators designed to either 

decrease or increase lens pressure. Subsequently, I utilised the Laser Ray Tracing system in the 

slower GRIN scanning mode to extract lens geometry and GRIN to enable calculation of 

overall lens power. I show that pre-incubation of lenses with a TRPV1 antagonist followed by 

TRPV4 activation to decrease steady state pressure tended to decrease GRIN and cause a small 

increase in anterior curvature of the lens. In contrast, pre-incubation of lenses with a TRPV4 

antagonist followed by TRPV1 activation to induce an increase in steady state pressure caused 

an increase in the GRIN which was associated with a small decrease in anterior curvature of 

the lens. Finally, using optical modelling I show that pharmacological manipulation of TRPV1 

and TRPV4 channel activities, which induced opposing effects on lens geometry and GRIN, 

illustrated a trend towards positive and negative shift in lens power, and had minimal effect on 

the lens longitudinal spherical aberration and overall vision quality. 

 



Chapter 7. Effect of shifting lens steady state surface pressure on lens optics and vision quality 

153 | P a g e  

 

7.1 Extracting the optical properties of isolated bovine lens: theoretical 

and methodological considerations 

The optical properties of the ocular lens depend on both the lens geometry and its internal 

gradient of refractive index (GRIN). The methodological approach to measure these parameters 

and how they can be utilised by optical modelling software to obtain information on the overall 

optical performance of the bovine lens, are reviewed below.  

7.1.1 Lens geometry 

To extract the lens geometry, high-contrast images of the lens mounted in the ring adaptor were 

first segmented (Figure 7-1A) to determine the lens boundaries and then fitted to the aspherical 

lens equations (see Chapter 2, subsection 2.11.3.1). A number of geometrical features were 

then extracted to describe the lens shape (Figure 7-1A), including lens thickness (TA-P), 

equatorial radius (Re), and the anterior and posterior lens radii of curvature (Ra and Rp). 

Accurate characterisation of the lens conic factors was challenging due to the high sensitivity 

of the result to noise and thus was not attempted. 

 

Figure 7-1: Bovine lens geometry measurement. (A) Schematic diagram of the bovine lens mounted in the dual 

ring adaptors showing the geometrical parameters that are extracted to describe the lens shape. AP = anterior pole, 

PP = posterior pole, EQ = equator, Rp = posterior surface radius of curvature, Ra = anterior surface radius of 

curvature, Re = equatorial radius, TA-P = axial thickness. (B) Mean results for the geometric parameters extracted 

from five control bovine lenses mounted in the lens adaptor at the beginning of the experiment. The aspect ratio 

(AS) was calculated using the following equation: AS = TA-P /(2* Re), where TA-P is the lens thickness and Re is 

the equatorial radius. No confidence intervals are shown as this is derived from the above equation. All values are 

expressed in mean ± SEM. 

The average values (± SEM) of the geometric parameters defined in Figure 7-1A, obtained 

from LRT images of five individual lenses organ cultured in AAH, are summarised in Figure 

7-1B. The observed variations in the geometrical parameters of the lens at the beginning of the 

experiment indicate that significant biological variability exists in the geometry of the lenses 
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obtained from the abattoir, potentially due to differences in the growth or age of the animals. 

However, it must be emphasised that these variations could in part be a consequence of 

differences in the dissection process utilized in this current study (see Chapter 2, Section 2.6), 

resulting in subtle variations in the zonular tension applied to the lens and consequently 

different geometrical shapes. The retrieved lens axial thickness and equatorial radius were then 

used to calculate the lens aspect ratio defined as TA- P/(2*Re), which was found to be 0.635 on 

average, which is consistent with normally non-spherical in situ shapes of the bovine lens. 

7.1.2 Lens GRIN 

While there are several non-destructive techniques that can be used to measure the lens GRIN 

(Pierscionek & Regini, 2012), Magnetic Resonance Imaging (MRI) is the only technique that 

can be used to estimate the crystalline lens RI profile both in vitro (Jones & Pope, 2004) and 

in vivo (Kasthurirangan et al., 2008). However, MRI does have a significant limitation in that 

it assumes a correlation between the transverse spin-spin relaxation (T2) time and the RI, which 

makes the accuracy of the refractive index measurement dependent on the validity and accuracy 

of the T2 to RI calibration. In contrast, optical techniques, such as Optical Coherency 

Topmorgrahy (OCT) and Laser Ray Tracing (LRT), provide a more direct measurement of the 

lens GRIN. Although the theories behind the technologies are different, both approaches 

retrieve the lens geometry and information on the optical path of each ray and use an iterative 

minimization optimization algorithm to reconstruct the GRIN from OCT or LRT images (de 

Castro et al., 2010; Vazquez et al., 2006). However, one major limitation of the OCT approach 

is that the current mathematical model used to describe the crystalline lens GRIN structure 

assumes the center of the lens GRIN to be at the intersection of the lens optical axis and its 

equatorial plane, which was set to be 0.41 times the lens thickness from the anterior surface 

vertex, leading to solutions that may not be a true representation of the lens GRIN distribution 

(de Castro et al., 2010, 2011). In the current study, ray tracing has therefore been applied to 

estimate the lens GRIN structure in organ cultured bovine lens in combination with 

measurements of the lens shape using the methods described in Chapter 2, Section 2.11.3 

An improved tomographic based GRIN retrieving algorithm developed in the MVL (Qiu et al., 

2017) has been used in this study (details see Appendix B). Briefly, the method involves 

imaging a number of rays at different angles of incidence before and after passing through a 

lens sample and measuring the deflection of the refracted rays (tomographic reconstruction). 

This tomographic based approach utilises Eikonal theory to provide a mathematical 
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relationship between the measured exit ray deflection angles and the optical path length (OPL) 

inside the lens (Acosta et al., 2005; Qiu et al., 2017; Vazquez et al., 2006). The GRIN can then 

be obtained by using a reconstruction procedure that solves a minimization problem between 

the Eikonal derived OPLs and the calculated OPLs (using the numerical ray tracing of Sharma 

et al. (1982)). An initial guess of the lens refractive index distribution, described by a set of 

polynomial modelling coefficients, was required to carry out the first iteration of the 

minimization process. This led to a set of coefficients and corresponding GRIN estimates, 

which were then iteratively improved using a previous set of values. This approach eliminated 

the necessity for external refractive index matching (Vazquez et al., 2006), and more 

importantly the need to assume the position of the lens equator and optical center. The only 

and most important assumption involved in the current algorithm was that the lens GRIN 

distribution is rotationally symmetric about its optical axis, which has found to be true for most 

lenses (Kuszak et al., 1996).  

To ensure the retrieved solution of the lens GRIN profile is both physiologically and optically 

relevant, three GRIN constraints were utilized in this current study to mathematically restrict 

the solution search space, but without selecting absolute values for RI that would exclude 

potentially correct solutions (Qiu et al., 2017). These three physiologically relevant constraints 

are: that the lens GRIN radially decreases from the core to the cortex; that concentric fibre cell 

layers have a similar refractive index; and that all refractive index values in the lens domain 

are within a physiologically appropriate range. In previous studies (Qiu et al., 2017), it has been 

demonstrated that this ray tracing-based retrieving algorithm can be successfully implemented 

and used to retrieve physiologically valid GRIN distributions from ex vivo isolated bovine 

lenses organ cultured in AAH. The results were shown to be in good agreement with both 

published MRI and other LRT measurements of GRIN profiles obtained from the bovine lens 

(Figure 7-2). 
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Figure 7-2: Comparison of GRIN profiles obtained across the equatorial axis of a bovine lens using different 

techniques. There is a good consistency of the data in the cortex regions of the lens between three different 

measurement methods, including the current LRT (Qiu et al., 2017), MRI (Vaghefi et al., 2015), and Pierscionek 

LRT (Pierscionek & Chan, 1989). Variations in the RI measurement in the inner core regions between MRI and 

LRT measurements were attributed to the inability of the MRI to retrieve an adequate amount of signals in the 

lens center. The small difference in the lens equatorial RI distribution at the lens surface (r/a = 1) between the 

two LRT measurements was attributed to the difference in the models used for fitting, whereas a limited amount 

of data was obtained at the core of the bovine lens using MRI. Image taken from (Qiu et al., 2017). 

In this study, I have utilized this LRT system GRIN scan protocol, together with the GRIN 

retrieval algorithm, to extract the lens GRIN distribution. A single experimental dataset 

consisting of 151 rays taken at 4 projection angles of 60°, 70°, 80°, and 90° was obtained by 

performing ray tracing on organ cultured bovine lenses in AAH over a period of an hour (see 

Chapter 2, Section 2.11.3), and the collected data sets were subjected to post-imaging 

processing. The GRIN structure was then obtained by applying the global search algorithm 

together with the biological constrains, as described in Section 2.11.3.2 and Appendix B. The 

retrieved lens GRIN distribution can be visualized by using a colour map as shown in Figure 

7-3A, which shows the retrieved GRIN map for a representative bovine lens incubated in AAH 

solution for an hour. To better visualize the change in lens GRIN distribution with organ 

culture, GRIN profiles were extracted from the lens as 2D distribution maps by taking intensity 

profiles through the lens equatorial and optical axis, which were then plotted against the 

distance across the lens (Figure 7-3B).  
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Figure 7-3: GRIN retrieval using the LRT system. (A) Image shows the GRIN distribution map obtained from 

a representative bovine lens incubated in AAH for one hour. (B) RI profiles extracted through the equatorial 

(black) and optical axis (grey) of the representative bovine lens are plotted against distance across the lens. (C) 

RI profiles along both axes are plotted against the relative distance into the lens (r/a), where -1 represents the left 

side of the equator or posterior surface vertex, and 1 represents the right side of the equator or anterior surface 

vertex. Mean RI can then be extracted from three different regions of the bovine lens, including the lens outer 

cortex (OC), which is defined as r/a = −1 to −0.85 and r/a = 0.85 to 1, the inner cortex (IC), defined as r/a = 

−0.85 to −0.5 and r/a = 0.5 to 0.85, and the core, defined as r/a = −0.5 to 0 and r/a = 0 to 0.5. 

To statistically quantify lens GRIN, the refractive index values were plotted against the 

normalized distance (r/a ranging from -1 to 1, where -1 representing the left side of equator or 

posterior surface vertex and 1 representing the right side of the equator or anterior surface 

vertex, Figure 7-3B), and the regional differences in the GRIN can be better visualized by 

extracting the mean refractive index in the core, inner cortex (IC) and outer cortex (OC) regions 

along both axes. In this current study, the OC is defined as r/a = −1 to −0.85 and r/a = 0.85 to 

1, and the IC is defined as r/a = −0.85 to −0.5 and r/a = 0.5 to 0.85, and the core of the lens is 

ranged from r/a = -0.5 to 0.5 (Figure 7-3C). These regional definitions were selected to be 
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consistent with the model used to describe the bovine lens pressure distribution, in which the 

separation of the lens inner and outer cortex was marked at 0.85a.  

The results of the mean RI (± SD) extracted from these three different regions along the 

equatorial axis for five control lenses (n = 5) are summarized in Table 7-1. Across all lenses, 

the average RI varied from 1.372 in the OC to 1.405 in the OC and 1.440 in the nucleus. The 

standard deviations of the refractive indices across lenses were 0.011 for the OC, 0.008 for the 

IC, and 0.007 for the core, indicating relatively low differences in the refractive index values 

across lenses. The retrieved average RI in different regions of the bovine lens were compared 

to published LRT data (Qiu et al., 2017), and the outcomes showed a good comparability 

between the average RI in the core of the lens retrieved from the two studies. The differences 

between the GRIN data retrieved from the lens cortex regions are most likely due to the 

difference in the definition of the lens inner and outer cortex regions, which were defined as 

0.75a in Qiu et al. (2017). 

Table 7-1: Comparison of the extracted average RI in three different regions of the lens.  

A good comparability with previously published LRT data was found with a difference of 

< 0.02 of a RI. All data are presented as mean ± SD. *Data replotted from Qiu et al., 2017. 

Lens Region Control LRT LRT Measurement Qiu et al., 2017* 

Outer Cortex 1.372 ± 0.011 1.387 ± 0.008 

Inner Cortex 1.405 ± 0.008 1.417 ± 0.003 

Core 1.440 ± 0.007 1.440 ± 0.004 
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7.1.3 Optical modelling to compute lens power and spherical aberration 

The lens geometrical shape and GRIN distribution sets the lens power and imposes a negative 

spherical aberration that functions to correct the positive spherical aberration created by the 

cornea. In this study, a simulation approach was used to quantify and monitor changes in the 

lens steady state optical power and spherical aberration over time (see Chapter 2, Section 

2.11.3.3). This was achieved by using Sharma ray tracing to simulate ray trajectories through 

a model lens, which contained the geometry and GRIN extracted from the experimental bovine 

lenses. The use of simulated ray trajectories does not only enable the calculation of the lens 

optical properties but also facilitates the validation process of the accuracy of the retrieved 

GRIN. 

To illustrate this, Figure 7-4A shows a representative bovine lens in which the GRIN is initially 

unknown. The lens back vertex power can be determined as the reciprocal of the lens focal 

length using the extrapolated ray trajectories obtained during the actual experimental laser 

scanning. After retrieving the lens geometry and the GRIN, Sharma ray tracing was performed 

and used to deliver simulated rays to obtain the lens power from the focal length (Figure 7-4B). 

Because of the inherent spherical aberration, the focal length of the lens was selected to be the 

point where the majority of the rays in the paraxial region (~20%) were focused. Overlaying 

the experimental and theoretical ray trajectories showed how closely the simulated power 

aligns with the experimentally measured power (Figure 7-4C), thereby confirming the 

accuracy of the retrieved GRIN distribution. This process was performed on all the 

experimental lenses, with or without pharmacological treatments, to validate the GRIN results 

and the results are presented below. 
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Figure 7-4: Use of simulated theoretical ray trajectories to validate the retrieved GRIN and compute lens 

refractive properties. (A) Experimental ray trajectories (blue) through a representative bovine lens showing the 

focal point of the converging rays. (B) Theoretical ray trajectories through the same lens obtained using the 

measured geometry, and retrieved GRIN gives the simulated power and longitudinal spherical aberration of the 

lens. (C) Overlaying the two sets of ray trajectories obtained from the actual ray tracing experiment (A) or the 

theoretical simulation (B) shows the similarity in the powers obtained by the two methods, which validates the 

accuracy of the retrieved GRIN.  
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Longitudinal spherical aberration (LSA) of the lens was measured from the difference in focal 

length obtained between the simulated paraxial and marginal rays and calculated using Eq. 3 

in Chapter 2, Section 2.11.3.3. Figure 7-5 shows the calculated aberrations along the equatorial 

axis of a representative bovine lens incubated in AAH solution for one hour (Time 0). It can 

be seen that the lens LSA is negative, and the profile is concave down, consistent with the 

inherent negative spherical aberration observed in the bovine lens.  In order to facilitate the 

comparison of changes in LSA over time, or in response to different perturbations, a mean LSA 

at each time point was obtained by taking an average of all the calculated LSA along the 

equatorial axis (Figure 7-5, blue line), which in this representative lens, was -0.855 mm. Using 

this simulation approach, which combines theoretical ray tracing with the retrieved geometry 

and GRIN measurement, an estimation of optical power and mean LSA can be obtained for 

bovine lenses organ cultured in the absence or presence of pharmacological reagents that 

modulate lens pressure. 

 

Figure 7-5: Calculation of mean longitudinal spherical aberration in the bovine lens. The graph shows the 

calculated aberrations along the equatorial axis of the lens by plotting the absolute LSA vs the input ray position. 

A mean LSA can be obtained by taking an average of all the LSA at each time point and can then plotted the 

change in mean LSA over time. For this representative lens organ cultured in AAH, the mean LSA 

was -0.8548 mm at Time 0. 
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7.1.4 Optical modelling of the contribution of the lens to overall vision quality 

To study the contribution of the lens to the overall vision quality, I have used an image 

simulation method developed in the MVL, in which a commercial optical software package, 

ZEMAX, was used to simulate image formation through a model bovine lens that was 

composed of the geometrical parameters and GRIN distributions obtained from organ cultured 

bovine lenses. The development of this ZEMAX-based optical modelling approach to assess 

the impact on vision quality is briefly described below, and the detailed procedures are 

described in Chapter 2, Section 2.11.4.  

Rather than using a model of the entire bovine eye as described in Vaghefi et al. (2015), the 

current ZEMAX model was used to only simulate image formation through the bovine lens. 

Without a comprehensive model of the bovine eye, the retinal plane of the eye was deemed to 

be the focal plane of the lens, and when two planes are aligned a sharp and clear image is 

observed (Figure 7-6, top panel). Any potential changes in the optical properties of the lens 

over time, or with different pharmacological treatments, will shift the focal plane away from 

the image/retinal plane that is fixed at Time 0, leading to a blurred image that mimics either a 

myopic or hyperopic shift in lens power (Figure 7-6, bottom panel). In this way, we can model 

the contributions of all optical parameters obtained from organ cultured bovine lenses to the 

overall vision quality by inputting these parameters into the ZEMAX model. 
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Figure 7-6: Image simulation using ZEMAX. Ray traces obtained from a ZEMAX model that utilised the 

geometry and GRIN distribution retrieved from a bovine lens organ cultured for 0 hours or 4 hours in AAH + 

ouabain. At 0 hours, the quick focus feature of ZEMAX was used to set the focal plane to be the image/retinal 

plane, resulting in a sharp and clear image. At 4 hours, changes to lens GRIN and geometry induced by ouabain 

were found to cause a shift in the focal plane to bring it closer to the posterior surface of the lens to produce a 

blurred image simulated at the fixed image/retinal plane. Image taken from (Qiu, 2019). 

In the following sections, I have used this LRT-GRIN scan protocol together with the GRIN 

retrieval algorithm and optical modelling methods to investigate how changes in lens surface 

pressure (water transport) affect lens GRIN (water to protein ratio) and/or geometry (cell 

volume), and whether those changes combine to alter lens optical power, spherical aberration, 

and overall vision quality. But first I wanted to establish a baseline to assess whether simply 

maintaining the bovine lens in organ culture alters its optical properties. 
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7.2 Baseline measurements of the optical properties of organ cultured 

bovine lenses  

Since the tomographic analysis required to reconstruct the GRIN requires the sampling of the 

lens at multiple (151 rays delivered at 4 different angles) projection angles, the bovine lens 

needs to be maintained in organ culture for a longer period than in Chapter 6 where the lens 

power was directly measured. Hence, I have deemed it necessary to investigate whether there 

are changes in the underlying optical parameters (geometry and GRIN) of these in situ bovine 

lenses organ cultured in AAH for up to three hours (four data points). To achieve this, bovine 

lenses were dissected and mounted into the ring adaptor (Chapter 2, Section 2.6) and 

transferred to the LRT incubation chamber filled with isotonic AAH solution at 34 °C. An 

initial LRT-GRIN scan was carried out to quantify the lens inherent geometrical and optical 

parameters, and then this process was then repeated every hour for a further three hours. These 

results served as a control for assessing the potential impact of the pharmacological 

perturbation on the lens hydrostatic pressure and optics.  

7.2.1 Effect of long term organ culture on bovine lens geometry 

To monitor changes in the lens geometry over time, an image of each lens was taken at the 

beginning of each scanning interval (1 hour), which was then segmented and plotted on 

Cartesian coordinates (Figure 7-7A). To better visualize and quantify whether the shape of the 

lens changed over time, geometrical parameters (see Section 7.1.1) were extracted from all 

lenses at each time point, and the average changes were plotted against time (Figure 7-7B, C). 

A trend of decreasing anterior radius of curvature (Ra) was observed with organ culturing, 

although this proved to be statistically insignificant (Figure 7-7B). In contrast, lens posterior 

radius (Rp) of curvature remained relatively stable across the incubation period. The lens axial 

thickness, on the other hand, showed a small (0.051 ± 0.021 mm, P < 0.05), but statistically 

significant increase with incubation (Figure 7-7C). Lenses also showed a slight (0.032 ± 0.071 

mm, P > 0.05), although insignificant, increase in equatorial radius (Re) (Figure 7-7C). 

Together, my results showed that there was minor time dependent changes in lens geometrical 

parameters under organ culture conditions while maintaining zonular tension. This is most 

likely due to a slight swelling of the lens over time, considering no obvious change in lens 

aspect ratio was observed with organ culture (Figure 7-7D). The effect of long-term organ 
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culture on the GRIN distribution in these in situ bovine lenses is described in the next 

subsection. 

 

Figure 7-7: Effect of organ culture in AAH on the geometry of the bovine lens. (A) Segmented outlines of a 

representative lens organ cultured in AAH over 3 hours. (B) Time course of the average changes in anterior (Ra, 

blue) and posterior radius (Rp, orange) of curvature of five bovine lenses cultured in AAH for 3 hours. (C) Time 

course of the average changes in lens thickness (TA-P, blue) and equatorial radius (Re, orange) for 3 hours. All 

data are presented as mean ± SEM. (D) Time course of the average changes in lens aspect ratio (AS) calculated 

using the equation: AS = TA-P /(2* Re), where TA-P is the lens thickness and Re is the equatorial radius. No 

confidence intervals are shown as this is derived from the above equation. Statistical analysis comparing the 

changes in bovine lens geometrical parameters at each time point was performed using Wilcoxon signed-rank test. 

*(P < 0.05) indicates a statistical significance. 
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7.2.2 Effect of long term organ culture on the lens GRIN distribution 

To monitor the lens GRIN distribution over the experimental period, the same GRIN scan (151 

rays taken at 4 projection angels) was conducted every hour for up to four hours while holding 

all parameters constant. The resultant experimental datasets for each time point were then 

constrained and iteratively minimised using the GRIN retrieval algorithm (see Chapter 2, 

Section 2.11.3.2). The retrieved GRIN maps for a representative bovine lens organ cultured in 

AAH for up to three hours are shown in Figure 7-8. From this qualitative analysis, it is apparent 

that the GRIN distribution remained relatively constant for up to three hours of organ culture 

in AAH (Figure 7-8). 

 

Figure 7-8: Retrieved GRIN distribution in a representative bovine lens organ cultured in AAH. Plots of 

the axial cross-sectional GRIN distribution maps taken from a representative bovine lens organ cultured in AAH 

for up to three hours. 

To better visualize the change in lens GRIN distribution with organ culture, GRIN profiles 

along the equatorial and optical axis were extracted from the 2D GRIN distribution maps at 

each time point, and the refractive index values were then plotted against the normalized 

distance (r/a) as shown in Figure 7-9A and Figure 7-9B, respectively. For this representative 

bovine lens, it appears that exposure to AAH across four hours, while maintaining its zonular 

tension, caused no obvious changes in lens GRIN profile, although there appears to be a slight 

shift in the peak index of the GRIN towards the posterior surface (Figure 7-9B).  

To statistically quantify changes in lens GRIN over time, the average values of RI in the core, 

IC, and OC regions were extracted from both axes at each time point. This enabled the time 

course of the average change in RI (mean ± SEM, n = 5) in three different regions of the bovine 

lens to be plotted (Figure 7-9C, D); each time point represents an hour of the incubation period. 

From this time course, it is evidenced that along both axes, no statistically significant changes 

to the RI were detected in any of the three different regions of the lens, suggesting that lenses 

organ cultured in AAH solution were able to maintain their GRIN for three hours. 
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Figure 7-9: Effect of long term incubation of bovine lenses in AAH on the GRIN profile. Plots of refractive 

index versus normalized distance (r/a) extracted from the equatorial (A) and optical (B) axis of the representative 

bovine lens shown in Figure 7-8 that were organ cultured in AAH for three hours, where -1 represents the left side 

of equator or posterior surface vertex, and 1 represents the right side of the equator or anterior surface vertex.  The 

outer cortex of the lens (OC) is defined as r/a = -1 to -0.85 and r/a = 0.85 to 1, the inner cortex (IC) is defined as 

r/a = -0.85 to -0.5 and r/a = 0.5 to 0.85, the Core is defined as r/a = -0.5 to 0.5. Time course of the average 

changes in refractive index along the equatorial (C) and optical (D) axis of the bovine lenses cultured in AAH 

calculated for the lens OC, IC and Core regions. All data are presented as mean ± SEM. Statistical analysis 

comparing the average changes in bovine lens RI at each time point within each region was performed using 

Wilcoxon signed-rank test. No statistically significant changes in lens RI were observed in any of the defined 

regions of the bovine lens during the incubation period. 
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7.2.3 Effect of long term organ culture on bovine lens overall optics 

Having obtained the key optical parameters (geometry and GRIN) from bovine lenses organ 

cultured in AAH, I then used these parameters and the simulation approach described in Section 

2.11.4 to quantify whether the lens overall optics change over time and to plot the average 

changes in power and longitudinal spherical aberration over time (Figure 7-10). This analysis 

showed that no significant changes to the optical power and LSA occurred in lenses organ 

cultured for up to three hours in AAH solution.  

 

Figure 7-10: Effect of organ culture on the lens optical power and spherical aberration. Plot of average 

changes in lens optical power (A) and spherical aberration (B) over time of five bovine lenses incubated in AAH 

with their zonular tension maintained showed no significant change in both parameters after three hours in organ 

culture. All data are presented as mean ± SEM. Statistical analysis comparing the average changes in bovine lens 

power and spherical aberration at each time point was performed using Wilcoxon signed-rank test. No statistically 

significant changes to the optical power and LSA were observed in lenses organ cultured for up to three hours in 

AAH solution. 

Taken together, by using the LRT-GRIN scan protocol together with the post-processing image 

analysis, I have shown that bovine lenses organ culture in AAH for up to four hours with their 

in situ zonular tension maintained were able to maintain their optical properties, despite small 

changes (swelling) to their baseline geometrical parameters. This observed subtle change in 

lens geometry with organ culture could potentially be due to a deterioration of the ciliary body 

muscle with time, resulting in a gradual loss of the zonular tension applied to the lens. However, 

the changes in these baseline properties are relatively small, and the overall effect on the lens 

optical power and spherical aberration was minimal. In contrast, significant changes in baseline 

optical parameters, including the longitudinal spherical aberration, anterior radius of curvature 

and equatorial diameter, have been observed in isolated bovine lenses with their zonules cut 

after 4 hours of organ culturing (unpublished data from Chen Qiu Doctoral thesis (2019)). This 

baseline drifting in isolated lenses could potentially be due to a slow remodelling of fibre cell 
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morphology observed in the outer cortex of organ cultured lenses, which can be abolished by 

maintaining the normal zonular tension applied to the bovine lenses during organ culture 

(unpublished data from Zhiying Kong Doctoral thesis (2020)). Thus, it appears that the use of 

a lens dual ring system to maintain normal in vivo zonular tension not only diminishes the 

significant remodelling process observed in isolated organ-cultured lenses, but also provides 

us with better control of the optical properties of the bovine lens by maintaining a constant 

baseline for future experiments designed to alter the lens cellular physiology that is known to 

establish and maintain the optical properties of the bovine lens. 
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7.3 Effect of decreasing steady state surface pressure on the optical 

properties of the organ cultured bovine  

Having established the baseline optical properties of bovine lenses maintained in organ culture, 

I next wanted to determine whether the pharmacological modification of the lens steady state 

pressure had any effect on the parameters that determine overall lens power. To achieve this, I 

used the different combinations of TRPV1 and TRPV4 inhibitors and activators that I showed 

in Chapter 5.3.3 induced either a sustained negative, or positive shift in lens surface pressure 

by first blocking one arm of the feedback system prior to the activation of the other arm. For 

the remainder of this chapter, I will start by first characterising the time dependent changes in 

the lens geometrical parameters and refractive properties in response to a manipulation of lens 

steady state hydrostatic pressure, and then correlate the changes to the previously described 

baseline control measurement, which served as a reference for my interpretation of the changes 

in lens optics. Finally, I will input the measured parameters in our optical modelling software 

to determine how changes to the optical properties of the lens affect overall vision quality. 
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7.3.1 Effect of a negative shift in lens steady state surface pressure on lens geometry 

and GRIN 

To initiate a long-term reduction in lens steady state surface pressure and study its effect on the 

lens optics, bovine lenses mounted in the dual rings to maintain in situ zonular tension were 

first placed in the LRT system and pre-incubated in AAH solution containing A-88 to block 

TRPV1 channels and inhibit the arm of the pressure feedback pathway that senses a decrease 

in surface pressure. After an hour of pre-incubation in A-88, GSK was added to the bathing 

solution to activate the TRPV4 channels, and then the LRT-GRIN scan protocol was initiated. 

In Chapter 5, I had shown that the combination of A-88 followed by GSK resulted in a sustained 

reduction in the lens surface pressure by -4.47 ± 1.66 mmHg after 2 hours (Figure 5-11).  

Experiments to determine whether a negative shift in lens hydrostatic pressure affects lens 

geometry are shown in Figure 7-11. The segmented outlines of a representative bovine lens 

incubated in AAH in the presence of A-88 + GSK over three hours (4 time points) showed no 

obvious change in overall lens shape (Figure 7-11A). In four lenses, the anterior radius of 

curvature (Ra) showed a small non-significant (-0.076 ± 0.159 mm, P > 0.05) decrease in size, 

while the posterior radius of curvature (Rp) remained relatively constant (-0.023 ± 0.074 mm, 

P > 0.05) (Figure 7-11B). Similar to the control lenses organ cultured in AAH, exposure to 

A-88 + GSK also caused an increase in lens thickness (TA-P, 0.039 ± 0.008 mm, P > 0.05) and 

equatorial radius (Re, 0.017 ± 0.057 mm, P > 0.05), but these changes were not statistically 

significant at the end of the experiment duration (Figure 7-11C). The average lens aspect ratio 

remained relatively stable during the incubation period (Figure 7-11D). In summary, the 

decrease in steady state pressure induced by pharmacologically reducing lens surface pressure 

had no significant effect on lens geometry. 
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Figure 7-11: Effect of a negative shift in lens steady state surface pressure on the lens geometry. (A) 

Segmented outlines of a representative lens organ cultured in AAH in the presence of A-88 + GSK for up to 3 

hours. (B) Time course of the average change in anterior (Ra, blue) and posterior radius (Rp, orange) of curvature 

of four bovine lenses cultured in A-88 + GSK for 3 hours. (C) Time course of the average change in lens thickness 

(TA-P, blue) and equatorial radius (Re, orange) of four bovine lenses cultured in AAH in the presence of A-88 + 

GSK for up to 3 hours.  (D) Time course of the average change in lens aspect ratio. All data are presented as mean 

± SEM. Statistical analysis comparing the average changes in bovine lens geometrical parameters at each time 

point was performed using Wilcoxon signed-rank test. No statistically significant differences were observed.  
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To determine whether this negative shift in lens surface pressure altered the GRIN distribution, 

GRIN maps were extracted every hour from bovine lenses organ cultured in AAH in the 

presence of A-88 + GSK, and the results for a representative lens obtained at the beginning 

(Time 0) and the end (Time 3) of the experimental period are shown in Figure 7-12A and 

Figure 7-12B, respectively. It can be seen that there were no obvious changes in the lens GRIN 

distribution with the negative shift in lens surface pressure after the incubation period. In fact, 

the retrieved equatorial (Figure 7-12C) and optical (Figure 7-12D) RI profiles from the 2D 

GRIN map for this representative lens are very similar before and after the drug application. 

To quantify potential changes in lens GRIN over time, the average change in RI values in the 

core, IC and OC regions for both equatorial (Figure 7-12E) and optical (Figure 7-12F) profiles 

were extracted from a total of four lenses and plotted against time. It is evident no significant 

changes in the lens RI was noted in all three different regions during the culturing period, 

although a decreasing trend was noted in the outer cortex for both equatorial and optical 

profiles.  
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Figure 7-12: Effect of a negative shift in lens steady state surface pressure on the lens GRIN. GRIN 

distribution maps retrieved from a representative bovine lens organ cultured in AAH in the presence of A-88 + 

GSK before (A) and after (B) the 3 hour incubation period. Plots of refractive index versus normalized distance 

(r/a) extracted from the equatorial (C) and optical (D) axis of the representative bovine lens that was organ 

cultured in A-88 + GSK for three hours, where -1 represents the left side of equator or posterior surface vertex, 

and 1 represents the right side of the equator or anterior surface vertex.  The outer cortex of the lens (OC) is 

defined as r/a = -1 to -0.85 and r/a = 0.85 to 1, the inner cortex (IC) is defined as r/a = -0.85 to -0.5 and r/a = 

0.5 to 0.85, the Core is defined as r/a = -0.5 to 0.5. Time course of the average changes in refractive index along 

the equatorial (E) and optical (F) axis of the bovine lenses cultured in A-88 + GSK calculated for the lens OC, IC, 

and Core regions. All data are presented as mean ± SEM. Statistical analysis comparing the average changes in 

bovine lens RI at each time point within each region was performed using Wilcoxon signed-rank test. A trend 

towards decreasing RI was observed in the outer cortex for both equatorial and axial profiles, although statistically 

insignificant. 
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7.3.2 Effect of a positive shift in lens steady state surface pressure on lens geometry 

and GRIN 

To study the effect of a positive shift in bovine lens steady state surface pressure on lens optics, 

lenses were first placed in the LRT system and pre-incubated in AAH solution containing 

HC-06 to block TRPV4 channels and inhibit the arm of pressure feedback that senses an 

increase in surface pressure. After an hour of pre-incubation in HC-06, Capsaicin was added 

to the bathing solution to activate the TRPV1 channels, and then the LRT-GRIN scan protocol 

was initiated. In Chapter 5, I had shown that the combination of HC-07 + Capsaicin resulted in 

a sustained increase in the lens surface pressure by 8.47 ± 2.52 mmHg after 2 hours of 

incubation (Figure 5-9).  

Experiments to determine whether this positive shift in lens hydrostatic pressure affects lens 

geometry are shown in Figure 7-13. The segmented outlines of a representative bovine lens 

incubated in AAH in the presence of HC-07 + Capsaicin over three hours (4 time points) 

showed a marginal change in overall lens shape (Figure 7-13A). In four lenses, the anterior 

radius of curvature (Ra) showed a continuous increase in size with incubation (Figure 7-13B), 

although insignificant (0.275 ± 0.1 mm, P > 0.05), suggesting a potential decrease in the 

curvature of the lens anterior surface (inverse of the radius of curvature) with incubation. There 

was also a small increase in the posterior radius of curvature (Rp, 0.052 ± 0.113 mm, P > 0.05), 

but this change was not statistically significant at the end of the experiment duration. 

Furthermore, unlike the control group, lenses incubated in HC-07 + Capsaicin did not show 

any significant increase in the lens thickness (TA-P) (-0.009 ± 0.028 mm, P > 0.05), or equatorial 

radius (Re) (-0.001 ± 0.004 mm, P > 0.05) after three hours of incubation (Figure 7-13C). The 

average lens aspect ratio remained relatively stable during the incubation period (Figure 

7-13D). Together, these results suggest that the increase in pressure induced by 

pharmacologically increasing lens surface pressure tended to abolish the changes associated 

with incubation in AAH alone but induced a more profound change in the lens anterior surface.  
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Figure 7-13: Effect of a positive shift in lens steady state surface pressure on the lens geometry. (A) 

Segmented outlines of a representative lens organ cultured in AAH in the presence of HC-07 + Capsaicin for up 

to 3 hours. (B) Time course of the average change in anterior (Ra, blue) and posterior radius (Rp, orange) of 

curvature of five bovine lenses cultured in HC-07 + Capsaicin for 3 hours. (C) Time course of the average change 

in lens thickness (TA-P, blue) and equatorial radius (Re, orange) of five bovine lenses cultured in HC-07 + 

Capsaicin for 3 hours.  (D) Time course of the average change in lens aspect ratio. All data are presented as mean 

± SEM. Statistical analysis comparing the average changes in bovine lens geometrical parameters at each time 

point was performed using Wilcoxon signed-rank test. Although there was a trend that the lens Ra tended to 

increase with time, no statistically significant changes were observed. 
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To determine whether this positive shift in lens surface pressure altered the GRIN distribution, 

GRIN maps were extracted every hour from bovine lenses organ cultured in AAH in the 

presence of HC-07 + Capsaicin-AAH, and the results for a representative lens obtained at the 

beginning (Time 0) and the end (Time 3) of the experimental period are shown in Figure 7-14A 

and Figure 7-14AB, respectively. Although the distribution was not changed dramatically, it 

can be seen that there are differences in the GRIN maps before and after drug treatment. This 

change is more apparent in the RI profiles extracted from this representative lens along the 

equatorial (Figure 7-14C) and the optical axis (Figure 7-14D). To further quantify these 

potential changes in lens GRIN over time, the average change in RI values in the core, IC and 

OC regions for both equatorial (Figure 7-14E) and optical (Figure 7-14F) profiles were 

extracted from a total of four lenses and plotted against time. In all regions of the lens, the 

average change in RI along both axes tended to increase with time, which occurred immediately 

within an hour after the application of Capsaicin, and this remained elevated during the whole 

incubation period. However, this change in RI induced by the positive shift in surface pressure 

was deemed to be not statistically significant. 
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Figure 7-14: Effect of a positive shift in lens steady state surface pressure on the lens GRIN. GRIN 

distribution maps retrieved from a representative bovine lens organ cultured in AAH in the presence HC-07 + 

Capsaicin before (A) and after (B) the 3-hour incubation period. Plots of refractive index versus normalized 

distance (r/a) extracted from the equatorial (C) and optical (D) axis of the representative bovine lens that was 

organ cultured in HC-07 + Capsaicin for three hours, where -1 represents the left side of equator or posterior 

surface vertex, and 1 represents the right side of the equator or anterior surface vertex The outer cortex of the lens 

(OC) is defined as r/a = -1 to -0.85 and r/a = 0.85 to 1, the inner cortex (IC) is defined as r/a = -0.85 to -0.5 and 

r/a = 0.5 to 0.85, the Core is defined as r/a = -0.5 to 0.5. Time course of the average changes in refractive index 

along the equatorial (E) and optical (F) axis of the bovine lenses cultured in HC-07 + Capsaicin calculated for the 

lens OC, IC and Core regions. All data are presented as mean ± SEM. Statistical analysis comparing the average 

changes in bovine lens RI at each time point within each region was performed using Wilcoxon signed-rank test. 

A trend towards increasing RI was observed throughout the lens for both equatorial and axial profiles, although 

this was not statistically insignificant.  
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In summary, the data presented above show that the pharmacologically induced negative 

(Figure 7-11 & Figure 7-12) and positive (Figure 7-13 & Figure 7-14) shifts in surface 

pressure tend to induce small insignificant changes in Ra and RI after 3 hours in organ culture 

that when compared to lenses incubated in AAH alone are not significant (Figure 7-15). 

However, when the two treatment groups are compared to each other, the opposing changes in 

Ra (Figure 7-15A) and mean RI in the different regions of the lens (Figure 7-15B, C) show 

significant changes. 

 

Figure 7-15: Summary of the effect of modulating the lens surface pressure on the lens geometry and GRIN. 
(A) The average change in geometrical parameters of bovine lenses organ cultured for up to 3 hours with or 

without the manipulation of the lens surface pressure. Plots of the average change in mean RI along both equatorial 

(B) and optical (C) axis in three different regions of bovine lenses organ cultured with or without the manipulation 

of the lens surface pressure. Black bars represent the control group incubated in AAH solution (n = 5). Blue bars 

represent the lenses with a negative shift in pressure initiated by the presence of A-88+ GSK solution (n = 4). 

Orange bars represent the lenses with a negative shift in pressure initiated by exposure to HC-07 + Capsaicin 

solution (n = 4). All data are presented as mean ± SEM. The differences in lens optical response between the 

treatment groups and the control group were assessed by conducting Independent-Samples Mann-Whitney U Test. 

*(P < 0.05) indicates a significant difference of compared values. 

Thus it would appear that the two arms of the feedback are having opposite effects on the Ra 

and the magnitude of the GRIN. Since both of these optical parameters are crucial to the overall 

optics of the lens by setting the lens power and imposing a negative spherical aberration to 

correct for the positive spherical aberration introduced by the cornea, I wondered if these, albeit 
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small, changes had any effect on lens power and spherical aberration. This line of investigation 

will be outlined in the remainder of this chapter. 

7.4 Effects of manipulating surface pressure on lens optical power and 

spherical aberration 

To investigate the effects of shifting surface pressure on the optical properties of the lens I used 

the optical modelling approach described in Section 7.1.3 to calculate lens power and 

longitudinal spherical aberration (LSA). In these experiments, the data presented represents the 

average of four lenses incubated in A-88 + GSK, four lenses incubated in HC-06 + Capsaicin, 

and five lenses maintained in AAH, whose geometry and GRIN distributions have been 

previously retrieved. Figure 7-16A shows the time course of the average changes in lens 

optical power in response to each perturbation. Relative to the lenses maintained in AAH, 

exposure of lenses to A-88 + GSK to lower lens surface pressure presented a trend towards 

smaller optical power with incubation, although statistically insignificant. In contrast, there 

was a small increasing trend among lenses with a positive shift in pressure induced by exposure 

to HC-07 + Capsaicin after the first hour of incubation. At the end of the 3 hour incubation 

period (Time 3), the normalized average change in lens optical power was 0.427 ± 0.072 

diopters for the lenses with a positive shift in pressure (Figure 7-16B), which was statistically 

different from the lenses with a negative shift in pressure (-0.068 ± 0.096 diopters, P < 0.05), 

but these changes were not deemed to be different from lenses incubated in AAH alone (0.046 

± 0.152 diopters, P > 0.05). The normalized mean LSA, on the other hand, remained relatively 

constant during the incubation period for all experimental groups (Figure 7-16C), and there 

appears to be no statistically significant change in aberration with or without regulation of the 

lens pressure at the end of the incubation period (Figure 7-16 & Figure 7-15D).  
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Figure 7-16: Effect of modulating lens steady state surface pressure on the lens power and spherical 

aberration. (A) Time course of the average change in optical power obtained control bovine lenses organ cultured 

in AAH (n = 5, black), lenses with a negative shift in pressure (n = 4, blue), and lenses with a positive shift in 

pressure (n = 4, orange). (B) Average changes in optical power of bovine lenses recorded at Time 3 in control 

bovine lenses and lenses with either a negative shift or positive shift in surface pressure. (C) Time course of the 

average change in longitudinal spherical aberration obtained in control bovine lenses organ cultured in AAH (n = 

5, black), lenses with a negative shift in pressure (n = 4, blue), and lenses with a positive shift in pressure (n = 4, 

orange). (D) The average change in longitudinal spherical aberration of bovine lenses recorded at Time 3 in 

control bovine lenses and lenses with either a negative or positive shift in surface pressure. All data are presented 

as mean ± SEM. The differences in lens optical response between the treatment group and the control group at 

Time 3 were assessed by conducting Independent-Samples Mann-Whitney U Test. *(P < 0.05) indicates a 

significant difference.
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Together, these results prove that the previously observed changes in the lens optical 

parameters (geometry and GRIN) induced by the negative and positive shift in lens surface 

pressure showed a trend of differential change in lens optical power when comparing the two 

treatment groups, however, these changes were deemed not to be statistically significant when 

compared to the control lenses. Although disappointing, these findings were not entirely 

surprising and could be due to the counteractive effects of the lens geometry (volume) and 

GRIN distribution (water to protein ratio) on the optical properties of the lens, since both of 

these optical parameters depend on the lens internal water content and thus the intracellular 

hydrostatic pressure. The observed trend towards an increase in lens refractive power in 

response to the positive shift in pressure over time might reflect a relatively larger effect of the 

increase in GRIN on lens refractive power, relative to the effect of the observed reduction in 

lens anterior curvature.  

To further understand if and how the relative contributions of geometry and GRIN to overall 

lens power change in response to changes in surface pressure, the back vertex power estimated 

from ray tracing through a model lens was performed, which allowed the geometry and GRIN 

to be varied. In this model, a homogeneous refractive index (n = 1.41) with a varying geometry 

was used to estimate the total back vertex power (Pt) as well as the contribution of lens 

geometry to total power (Pg). The GRIN contribution to the overall power (PGRIN) can then be 

found by subtracting the calculated power of the lens geometry from the lens total power: PGIRN 

= Pt – Pg. The results from different treatment groups with or without pharmacological 

regulation of the lens intracellular hydrostatic pressure are shown in Figure 7-17. 
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Figure 7-17: Relative contributions of geometry and GRIN to overall lens power. Plots of the relative 

contributions of geometry (light orange) and GRIN (dark orange) to overall normalised lens power following 

organ culture in the different perturbations that modulate lens surface pressure. Notice the increased contributions 

of GRIN to total power following a positive shift in lens pressure (Pi). 

The relative contribution (% of the lens back vertex power) of the GRIN increased significantly 

after the incubation period to induce a positive shift in lens pressure (Positive Pi, Figure 7-17). 

This increase in the relative contribution of the GRIN is consistent with the observation that 

the overall power increases with an increase in lens GRIN, yet the anterior surface curvature 

decreases after the 3-hour of the incubation period. In other words, the changes in the GRIN 

are sufficient for offsetting the effects of decreasing curvature of the bovine lenses during the 

positive shift in pressure. Finally, I wanted to test if this change in the relative contribution of 

geometry and GRIN to overall lens power had any effect on vision quality. 
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7.5 Effect of shifting lens steady state pressure on vision quality 

To assess if changes to the relative contributions of geometry and GRIN to overall lens power 

induced by shifts in lens surface pressure had any effect on vision quality, I have used the 

ZEMAX-based optical modelling approach presented in Section 7.1.4. Figure 7-18 shows the 

time course of the effect that each perturbation had on image quality. It can be seen that the 

images formed by lenses organ cultured in AAH appeared to remain in focus throughout the 

four-hour incubation period. Similarly, shifting lens surface pressure to become more negative 

had minimal effects on the image quality. While lenses with a positive shift in lens pressure 

showed a subtle degradation in image quality over time. 

 

Figure 7-18: Effect of a shift in lens surface pressure on vision quality. Image simulations from a ZEMAX 

model using lens geometry and GRIN values retrieved from bovine lenses organ cultured in AAH (top panel), or 

in the presence of A-88 + GSK to induce a negative shift in pressure (middle panel), or HC-07 + Capsaicin to 

initiate a positive shift in pressure (bottom panel) for up to 3 hours. Lenses maintained in AAH in A-88 + GSK 

appeared to remain in focus throughout the 3-hour incubation, while those exposed to HC-07 + Capsaicin to 

induce a positive shift in lens pressure showed a subtle deterioration in image quality after 1 hour in culture. 
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7.6 Summary 

In this chapter, I have utilized the LRT-GRIN scan protocol together with post imaging 

processing methods to monitor the long-term effects of manipulating lens steady state surface 

pressure on the optical properties of organ cultured bovine lenses that were mounted in the lens 

dual ring adaptor to maintain the zonular tension applied to the lens in the eye. Disappointingly, 

at least at first glance, the pharmacological alterations in lens surface pressure had no 

significant effects on the overall optics of the lens. However, a more detailed comparison 

revealed that the negative and positive shifts in surface pressure were having opposite effects 

on Ra and the magnitude of the GRIN. 

Incubation of lenses in AAH solution containing the TRPV1 inhibitor A-88 and TRPV4 

activator GSK decreased the lens hydrostatic pressure in the lens surface cells. Optically, a 

trend towards smaller optical power with incubation in was observed (Figure 7-16A, B). A 

tendency towards a lower RI was observed in all regions of the bovine lens when exposed to 

A-88 + GSK (Figure 7-15B), which would be expected to cause a significant reduction in lens 

optical power with time, however, this was counteracted by the effect of a small increase in 

anterior curvature over time (Figure 7-15A). Furthermore, although the size of the lens 

increased, the overall aspect ratio of the lens remained relatively constant (Figure 7-11), and 

this meant no significant change in lens spherical aberration was observed (Figure 7-16C, D). 

Taken together, the activation of TRPV4 channels induced a negative shift of pressure in the 

lens surface cells but had minimal effect on the overall vision quality of the bovine eye (Figure 

7-18). 

However, it is also to be noted, as mentioned earlier, that the TRPV4 channels in vascular 

endothelial cells have been found to be heat sensitive and can be activated by a temperature 

above 25 °C (Güler et al., 2002; Watanabe, Vriens, et al., 2002). It is, therefore, possible that 

TPRV4 channels in the bovine lens may have already been activated after the first hour of 

treatment with A-88-AAH solution at 34 °C, resulting in a higher constitutive basal activity of 

TRPV4 prior to initiating the LRT-GRIN scan. Although the mechanisms of activation of 

TRPV4 have not been determined in detail, it has been shown that the N-terminal ankyrin 

binding domains (ARD) in the TRPV4 channels contribute to their responses to heat. TRPV4 

with a mutation in the ARD becomes insensitive to temperature changes, and interestingly, 

mutations in this region do not prevent activation due to cell swelling (Watanabe, Vriens, et al., 

2002), suggesting that different stimuli activate TRPV4 differentially. In fact, in endothelial 
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cells, stimulation with GSK leads to the increased expression of TRPV4 channels by recruiting 

inactive TRPV4 channels, but not increasing their basal activity (Adapala et al., 2011; Baratchi 

et al., 2019; Sullivan et al., 2012). This recruitment has been recently shown to be achieved via 

exocytosis of TRPV4 channels to the plasma membrane, leading to an influx of Ca2+ into the 

cytoplasm and further endocytosis of TRPV4 into the cytoplasm assembles into recycling 

endosomes (Baratchi et al., 2019). Regardless of the activation mechanisms, heat induced 

activation of TRPV4 prior to initiating the LRT-GRIN scan could potentially contribute to the 

small and insignificant changes in the optical properties observed in lenses incubated in A-88 

+ GSK. 

Incubation of lenses in AAH solution containing TRPV4 inhibitor HC-07 and TRPV1 activator 

capsaicin, on the other hand, elevated the lens hydrostatic pressure in the lens surface cells. 

Optically, a small increase in lens optical power was observed (Figure 7-16A&B), which was 

due to an increase in GRIN throughout the entire lens (Figure 7-15B), that exceeds the decrease 

in lens power caused by the observed decrease in the anterior curvature of the lens (Figure 

7-15A). The overall aspect ratio of the lens on the other hand, remained relatively constant 

after 3 hours of incubation (Figure 7-13), and this meant no significant changes in the spherical 

aberration was observed (Figure 7-16C, D). Taken together, these changes in the optical 

properties of the lens had a slight effect on overall vision quality (Figure 7-18). However, the 

effect was still not as prominent as previous MRI studies that showed that disruption of bovine 

lenses water circulation significantly impaired lens optics and overall vision quality (Lim et al., 

2016; Vaghefi et al., 2015).  

In summary, my results tend to show pharmacologically increasing (HC-07 + Capsaicin) and 

decreasing (A-88 + GSK) lens pressure has opposing effects on lens geometry and GRIN that 

when combined showed a trend towards positive and negative shift in lens power, and had 

minimal effect on the lens longitudinal spherical aberration and overall vision quality. The 

significance of these results is discussed in the next and final chapter.
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 Conclusion and significance 

The overarching goal of my PhD project was to test the hypothesis that the highly regulated 

hydrostatic pressure gradient, which is generated by the intracellular outflow of water from the 

lens core, is designed to control the water content and therefore the optical properties of the 

lens. If this hypothesis was proven to be correct it would, therefore, follow that 

pharmacological regulation of lens water transport could be used as a therapeutic intervention 

to delay or prevent the age-dependent alterations in the optical properties of the lens, which 

first manifest as presbyopia, and then ultimately as cataract. This hypothesis was advanced 

primarily on pressure data generated in the mouse lens, and optical data obtained in the bovine 

lens, since the larger size of the bovine lens made it more amenable to the techniques used to 

measure its optical properties.  Hence, my PhD project was divided into two parts. The first 

was to establish whether, like the mouse lens, the bovine lens also generates an internal 

hydrostatic pressure gradient, which is regulated by a dual feedback pathway that involves the 

reciprocal activation of the mechanosensitive TRPV1 and TRPV4 channels. While the second 

part consisted of testing whether the manipulation of this TRPV1/4 dual feedback pathway 

impacted on the maintenance of the optical properties of the bovine lens. In this chapter, I first 

summarise the major results obtained for the two arms of my PhD project that were designed 

to test my overarching hypothesis, before discussing how my results have necessitated in a 

refinement to my original hypothesis, and how his new hypothesis not only provides deeper 

insights into how the lens maintains its transparent and refractive properties, but also how these 

properties change with age. 
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8.1 Summary of key results 

8.1.1 Part A: Establishing that the bovine lens generates an intracellular hydrostatic 

pressure gradient that is regulated by a TRPV1/4 mediated dual feedback 

pathway (Chapters 3 to 5)  

Since the MVL had no expertise in the measurement of lens pressure, nor the equipment to 

perform such experiments, the first part of my PhD was to establish this capability in Auckland. 

To achieve this, I first obtained training in the measurement of lens pressure by visiting our 

collaborators Professors White and Mathias, at SUNY Stony Brook, to learn how to conduct 

lens pressure measurement experiments on the mouse lens. Once trained in the technique I then 

set up a modified system that was capable of measuring pressure in the larger bovine lens. My 

significant results are summarised for each results chapter in turn. 

Chapter 3: The ciliary muscle and zonules of Zinn modulate mouse lens intracellular 

hydrostatic pressure 

After obtained essential training in the measurement of hydrostatic pressure in the mouse lens 

using a manometer based microelectrode pressure measurement system, I tested the hypothesis, 

which originated in the MVL, that pharmacological modulation of the tension applied to the 

lens via the zonules acts through the mechanosensitive channels TRPV1 and TRPV4 to 

modulate hydrostatic pressure. During the visit to Stony Brook I discovered that: 

 Application of the muscarinic agonist pilocarpine and antagonist tropicamide decrease 

and increase the circumlenticular space, respectively, to alter the tension applied to the 

lens via the zonules. 

 The tropicamide-induced increase in zonular tension caused a sustained decrease in the 

lens pressure gradient that was mediated by TRPV4.  

 The pilocarpine-induced decrease in zonular tension caused a sustained increase in the 

lens pressure gradient that was mediated by TRPV1. 

This preliminary data that I collected was subsequently confirmed and expanded upon after I 

left Stony Brook by our collaborators and was published in: 

Chen Y, Gao J, Li L, Sellitto C, Mathias RT, Donaldson PJ, White TW. The ciliary muscle and 

zonules of Zinn modulate lens intracellular hydrostatic pressure through transient receptor 

https://pubmed.ncbi.nlm.nih.gov/31639828/
https://pubmed.ncbi.nlm.nih.gov/31639828/
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potential vanilloid channels. Invest Ophthalmol Vis Sci. 60(13):4416-4424, 2019. doi: 

10.1167/iovs.19-27794. (Appendix C) 

Chapter 4: Hydrostatic pressure driven water transport in bovine lenses 

Utilising the training I obtained in Stony Brook, plus my background in Bioengineering, I 

established a pico-injector based microelectrode system in Auckland to measure the 

intracellular hydrostatic pressure gradient in lenses from different species, including the larger 

bovine lenses. Using this system, I showed that: 

 Lenses obtained from the mouse, rat, and bovine all have similar hydrostatic pressure 

gradients despite exhibiting large differences in size. 

 In the bovine lens the hydrostatic pressure gradient was affected by perturbations that 

alter different components of the lens microcirculation system, suggesting that just like 

the mouse lens, the microcirculation system in the bovine lens generates a hydrostatic 

pressure gradient that functions to drive the intercellular water efflux. 

Chapter 5: Regulation of bovine lenses surface pressure by TRPV1 and TRPV4 

channels  

To determine whether the hydrostatic pressure gradient in the bovine lens is also modulated by 

a dual feedback system mediated by TRPV1 and TRPV4 channels I showed: 

 Using Western blotting that both TRPV1 and TRPV4 are expressed throughout all 

regions of the bovine lens. 

 Using immunohistochemistry that both TRPV1 and TRPV4 labelling undergoes a 

differentiation-dependent change in their subcellular distribution in the bovine lens. 

Both channels were initially found in a cytoplasmic pool in peripheral differentiating 

fibre cells, but with distance into the lens the proteins underwent a translocation into 

the lens plasma membrane. 

 That the pharmacological activation of TRPV1 or TRPV4 induces a biphasic increase 

and decrease, respectively, in the hydrostatic pressure recorded at the lens surface using 

the pico-injector based pressure measurement system.  

 That the biphasic change in surface pressure was abolished if lenses were first pre-

treated with either a TRPV1, or TRPV4 inhibitors, prior to activation of the channels. 

https://pubmed.ncbi.nlm.nih.gov/31639828/
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Taken together, these results confirm, that like in the mouse lens, the microcirculation system 

in the bovine lens generates a hydrostatic pressure gradient and that the magnitude of the 

gradient is regulated by a TRPV1/4-mediated dual feedback control system. This work was 

present as an invited oral presentation at the International Conference on the Lens 

Chen, Y., Donaldson, P. J., Vaghefi, E., White, T. W., & Mathias, R. T. (2019). 

Pharmacological regulation of the lens water transport and its effects on physiological 

optics of the bovine lens. Presented at The 6th International Conference on the Lens, 

Kailua Kona, Hawaii.  

8.1.2 Part B: Studying the effects of modulation of the pressure gradient on the optical 

properties of the bovine lens using laser ray tracing.  

Having confirmed the existence of a similar TRPV1/4-mediated dual feedback control system 

that controls hydrostatic pressure in the larger bovine lens, in the second part of my thesis, I 

utilised a LRT system to assess whether altering the pressure gradient had any direct effect on 

the optical properties of the lens. These experiments utilised two different LRT recording 

configurations to capture rapid and steady state changes in bovine lens power.  

Chapter 6: Effect of transient changes in lens surface pressure on the lens optics 

I first adapted the MVL’s existing LRT imaging protocols to enable the rapid monitoring of 

back focal length in organ cultured bovine lenses, so that I could detect any potential changes 

in lens optical power, that were induced by the pharmacological activation of TRPV1 or TRPV4 

channels. Using this LRT direct power scan protocol, I showed that: 

 The new scanning protocol was capable of capturing the increase in lens power 

observed previously by inhibiting the microcirculation system with ouabain. 

 The observed biphasic decrease in lens surface pressure induced by the GSK-mediated 

activation of TRPV4 channels had no significant effect on lens power. 

 The observed biphasic increase in lens surface pressure induced by the capsaicin-

mediated activation of TRPV1 channels produced a transient increase in the lens optical 

power.  
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The results from these studies using a simple measure of lens power were deemed inconclusive 

and it was decided to use the slower LRT-GRIN scan protocol to capture the relative 

contributions of lens geometry and GRIN to lens power following TRPV1/4 activation. 

Chapter 7: Effect of shifting lens steady state surface pressure on lens optics and vision quality 

A LRT-GRIN scanning protocol that captures changes in lens geometry and GRIN was used in 

combination with optical modelling to further investigate what effects the shifting of lens steady 

state surface pressure had on lens optics and overall vision quality. Using this approach I 

showed that: 

 The steady-state decrease in lens pressure observed by the GSK-induced activation of 

TRPV4, while blocking TRPV1 channels, caused a small decrease in the lens RI 

throughout the lens, which was associated with a small increase in anterior curvature of 

the lens.  

 The steady-state increase in lens pressure observed by the capsaicin-induced activation 

of TRPV1, while blocking TRPV4 channels, caused an increase in the lens RI 

throughout the lens which was associated with a small decrease in anterior curvature of 

the lens.  

Taken together these results show that the pharmacological manipulation of TRPV1 and 

TRPV4 channel activities induced opposing effects on lens geometry and GRIN that when 

combined showed a trend towards positive and negative shift in lens power, and had minimal 

effect on the lens longitudinal spherical aberration and overall vision quality. Thus, my results 

do not completely support my initial hypothesis that the TRPV1/4 mediated regulation of 

hydrostatic pressure directly modulates lens optics. Instead, the key message from my 

experiments is that the ocular lens has the capacity to respond to and tolerate small changes in 

lens hydrostatic pressure (water transport) to maintain a constant optical power. In the next 

section, I will discuss my findings in the context of the relevant literature in order to develop a 

series of hypothesis that integrate my results into our current understanding of lens cellular 

physiological and its optical properties, and where relevant, I will highlight areas that will 

require further work to test these new insights into the maintenance of lens optical properties. 
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8.2 Development of a new model to explain how the microcirculation system 

maintains the optical properties of the lens.   

Using MRI (Lim et al., 2016; Vaghefi et al., 2011, 2015) and LRT (Figure 6-3) it has been 

shown that inhibition of the microcirculation system directly alters lens water content and 

therefore lens geometry, GRIN, and overall power. Based on the parallel discovery that the 

microcirculation system generates a hydrostatic pressure gradient that is highly regulated, it 

was a logical extension to predict that regulation of the pressure gradient should directly alter 

lens optics. However, the results from my thesis suggest that the relationship between lens 

pressure (water transport), water content and lens power are more complex, suggesting that 

there are additional links between the pressure gradient and its ability to control free water 

content in the different regions of the lens to maintain the overall optical properties of the lens. 

Based on the previous literature, I would like to propose that in the outer cortex, changes in 

surface pressure are linked to the regulation of cell volume that is mediated by the reciprocal 

activity of ion channels and transporters, while in the core of the lens changes to the pressure 

gradient modulate the ability of lens proteins to bind water, a process called syneresis. In the 

following sections I will first review volume regulation in the outer cortex, and then define 

syneresis and review previous work that has studied syneresis in the lens. Then I will 

incorporate cell volume regulation in the outer cortex and syneresis in the core into a new model 

that can explain how the microcirculation system controls lens water content and therefore 

overall lens optics. 

8.2.1 Cell volume regulation in the outer cortex of the lens 

In the outer cortex of the lens the high spatial order of peripheral fibre cells is the main 

component that contributes to lens transparency, while in the deeper regions of the lens 

transparency is primarily due to a matching of refractive index between the membranes and the 

cytoplasm (review see Bassnett et al., 2011; Donaldson et al., 2017). Hence, any failure of 

cortical fibre cells to maintain their volume and leads to cellular swelling or shrinking will 

disrupt this precise spatial order of fibre cells and causing light scattering and eventually the 

loss of lens transparency (see Donaldson et al., 2009; Jacob, 1999). Since the volume of 

individual cells is constantly challenged by changes to their local osmotic environment, to 

prevent such changes to local tissue order the lens has utilises a volume regulation system that 

functions to maintain the volume of individual fibre cells, and thus the maintenance of overall 

lens volume and therefore transparency (Donaldson et al., 2009; Jacob, 1999). This ability of 
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the lens to regulate its volume was first studied by incubating lenses in anisomotic solution (G. 

Duncan & Croghan, 1969; Patterson, 1981; Patterson & Fournier, 1976). Lenses placed into 

hyposomotic media exhibited an initial swelling before undergoing a regulatory volume 

decrease (RVD) mediated via the efflux of K+ and Cl- ions to generate an associated loss of 

internal water and subsequent reduction in lens volume. Whereas lenses placed in a 

hyperosmotic media underwent an initial shrinkage, which was subsequently restored by a 

regulatory volume increase (RVI) driven by the intracellular accumulation of K+, Na+, and Cl− 

ions and consequently water influx. In other tissue cell types, the sodium-potassium-chloride 

cotransporter (NKCC) and potassium chloride cotransporters (KCC), which both belong to the 

Cation Chloride Cotransporters (CCCs) family of transporters (Kahle et al., 2008), are known 

to influence volume homeostasis (Hoffmann et al., 2009; Hoffmann & Pedersen, 2011) by 

transported ions into or out of cells to generate local osmotic gradients that drive 

transmembrane water fluxes that returning cell volume to steady state values.  The uptake of 

ions  into cells associated with RVI is mediated by NKCC, which can be activated by cell 

shrinkage/hypertonic media, whereas the primary mediators of ion efflux in cells are the KCCs, 

which are activated by cell swelling/hypotonic stress and facilitate RVD (Hoffmann et al., 

2009). Recent work has identified key players in the regulation of CCCs, and these include the 

With‐No Lysine (K) kinases (WNKs), the STE‐20/related Proline Alanine kinase (SPAK), and 

Oxidative Stress Response kinase 1 (OSR1) (Hoffmann et al., 2009; Hoffmann & Pedersen, 

2011). The activation of WNK1 causes phosphorylation and activation of the intermediate 

proteins SPAK and OSR1, which phosphorylate and activate NKCC. In contrast, WNK3 and 

SPAK/OSR1, on the other hand inhibit KCC activity by phosphorylation. Thus, the current 

view of the mechanism underlying cell volume regulation is that WNK kinases act as sensors, 

SPAK/OSR1 act as transducers that reciprocally regulate phosphorylation levels of the CCCs 

that act as the effectors of changes in cell volume. 

NKCC1 has been identified in lenses from various species (Alvarez et al., 2001; Chee et al., 

2010; Lauf et al., 2006; Ye & Zadunaisky, 1992). A spatially distinct expression pattern for 

NKCC1 was observed in both rat (Alvarez et al., 2001) and bovine lenses (Vorontsova et al., 

2017), with NKCC1 being localized only to the outer cortical regions, suggesting that NKCC1-

mediated ion uptake, which drives RVI in other tissues (Hoffmann et al., 2009), is in the lens 

localised to peripheral fibre cells. As in other tissues NKCC1 activity in the bovine lens has 

been shown to be regulated by the WNK-SPAK/OSR1 kinase signalling pathway which in 

response to hypertonic stress acts to phosphorylate and activate NKCC1 (Vorontsova et al., 
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2017). More recently, TRPV1 has been shown to respond to hyperosmotic-induced cell 

shrinkage by phosphorylating and activating NKCC1 to induce an RVI response that restores 

lens volume (Shahidullah et al., 2018). This response was prevented by the addition of the 

TRPV1 antagonist A-88 (Shahidullah et al., 2018) and has been recently confirmed in mice 

using both WT and TRPV1−/− mouse models (Shahidullah et al., 2020). 

Conversely, TRPV4 channels have been shown to be able to sense and respond to hyposmotic 

stress by triggering ATP release and increasing Na+/K+ ATPase activity in the lens (Shahidullah, 

Mandal, & Delamere, 2012; Shahidullah, Mandal, Beimgraben, et al., 2012). In other cell types, 

a transient increase in Na+/K+ ATPase activity has been found to play an important role in RVD 

to recover from swelling (Andersson et al., 2004). Since mechano-sensitive TRPV4 is 

considered to be a volume-regulated cation channel (Clapham, 2003), it is not supervising that 

TRPV4 channel mediates the lens RVD process to restore lens volume. Whether TRPV4 also 

activates KCC activity to facilitate RVD in the lens is currently unknown but is highly likely. 

Thus, this activation of TRPV1 in response to cell shrinking contrasts with the response of 

TRPV4 to cell swelling, suggesting the existence of potential synergistic involvement of these 

two TRPV channels in reciprocal activation of ion transporters involved in the maintenance of 

cellular and tissue volume homeostasis in response to localised osmotic perturbations (Mandal 

et al., 2018; Shahidullah et al., 2018).   

In addition to their roles the regulation of lens volume, NKCC and Na+/K+ ATPase have been 

shown to be actively involved in lens pressure regulation (Delamere et al., 2020; Gao et al., 

2015; Shahidullah et al., 2020). In the mouse lens, negative changes in lens surface pressure 

are sensed by TRPV1, and its activation increases NKCC activity in order to increase 

osmolality and therefore pressure. Similarly, positive changes in lens surface pressure are 

sensed by TRPV4, with its activation leading to an increase in Na+/K+ ATPase activity which 

in turn reduces intracellular osmolality to reduce and restore surface pressure (Gao et al., 2015). 

My results showed that both TRPV1 and TRPV4 channels in the bovine lens are involved in 

the lens surface cell pressure regulation (Chapter 5), suggesting they may also play similar roles 

in volume regulation in the lens cortex of the bovine lens.  

The involvement of these cotransporters in both lens volume and pressure regulation suggests 

that a dynamic volume regulation response could be triggered by changes to the lens surface 

pressure as shown in Figure 8-1. In response to a change in pressure, ions (Na+, K+, Cl-) are 

either transported into or out of the cell through NKCC1 or Na+/K+ ATPase (and potentially 
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KCC activity), increasing or minimizing the transmembrane water flux and thus returning cell 

volume/pressure to steady state. Furthermore, because both NKCC1 (Alvarez et al., 2001; Chee 

et al., 2010; Vorontsova et al., 2017) and Na+/K+ ATPase  (Candia & Zamudio, 2002b; Gao et 

al., 2000; Tamiya et al., 2003) are more concentrated to the lens cortex near the equator, one 

might speculate that dynamic volume regulation may be more significant in the outer regions 

of the lens. This pressure sensitive volume regulation of the free water content in the lens 

periphery is incorporated into our current understanding of the lens microcirculation system in 

section 8.2.3. 

 

Figure 8-1: Proposed model of lens pressure/volume regulation. Both TRPV1 and TRPV4 are actively 

involved in lens cell volume regulation by acting as transducers that sense changes in cell volume and activate 

signalling pathways that initiate regulatory volume increase (RVI) and regulatory volume decrease (RVD), 

respectively, to return cell volume back to is normal (set point) volume. Activation of TRPV1 channels leads to 

an increase in NKCC activity resulting a RVI that increases ion and water influx in periphery fibre cells that 

increases intracellular osmolality and surface pressure. Activation of TRPV4 channels leads to an increase in 

Na+/K+ ATPase and potentially KCC activity to produce a RVD that increases ion and water efflux at the periphery 

and thereby decreases intracellular osmolality and surface pressure. Please note, however, that this 

pressure/volume regulation model constitutes a simplification of the molecular/cellular structure and functions 

within the lens as it does not include for example the effects of AQP on water transport. 

8.2.2 Syneresis in the core of the lens 

‘Syneresis” is defined as the physical process that occurs when bound water is released from 

the hydration layer of biopolymers to become free water (Figure 8-2A). Conversely, ‘inverse 

syneresis’ is the process where free water becomes water that is bound to a biopolymer.  In gels 

syneresis affects the activity of water and can change the colligative properties of the gel. In 
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cells most of the water is largely unstructured and exists as the “free” water pool. In contrast, 

“bound” water in cells consists of multiple layers of water molecules that are tightly bound to 

cellular macromolecules (proteins, phospholipids, polysaccharides, and, fat) and thus have 

restricted motion. There is also an intermediate layer of water molecules with characteristics 

between the free and bound forms. Although not directly visualized, these bound water 

molecules they can undergo dipolar interactions and chemical exchange with those in the free 

water pool (Levy & Onuchic, 2004; Zhang et al., 2007).  

In the lens, since the majority of fibre cell mass consists of crystallin proteins and water 

(Horwitz, 1992; Sun & MacRae, 2005), syneretic modulation of lens water is highly likely. 

Furthermore, since osmotic pressure is a colligative property, a change in osmotic pressure 

could be alleviated by a reversible syneresis response to alter the amount of bound and free 

water in the lens fiber cells. This idea that a reversible syneretic response may be present in the 

lens as a defensive response to osmotic challenge was first proposed on theoretical grounds by 

Bettelheim in 1999 (Bettelheim, 1999). The original hypothesis was that the increase in 

stress/hydrostatic pressure applied to the lens surface in the unaccommodated state (Koretz et 

al., 1984; Koretz & Handelman, 1986, 1988) would generate an influx of water into the lens, 

which would decrease the osmolality of the lens. An immediate response to counter this stress 

is an inverse syneretic process that induces free water to bind to protein and thus relieving the 

pressure induced increase in water activity.  

To test this hypothesis, Bettelheim utilised differential scanning calorimetry (DSC) and 

thermogravimetric analysis of bovine and rhesus monkey lenses to show that syneretic 

alterations in the state of water could be induced by organ cultured lenses under conditions of 

elevated  external pressure (Bettelheim, 1999; Bettelheim & Zigler, 1999). In these experiments, 

while the application of different levels of external pressure had no effect on total (free + bound) 

water content, the ratio of free water to bound water decreased with increasing pressure. 

Interestingly, the syneretic response to applied pressure was more significant in the lens nucleus 

relative to the cortex (Figure 8-2B). Subsequent nuclear magnetic resonance (NMR) relaxation 

studies provided additional evidence of a syneretic response to changes in applied external 

pressure in both bovine (Bettelheim et al., 2001) and human lenses (Bettelheim et al., 2003). 

Furthermore, by exposing bovine lenses to incremental pressures ranging from 1 to 3 atm, the 

syneretic response to pressure in bovine lenses, as determined by NMR relaxation 

measurements, proved to be linearly dependent on pressure (Lizak et al., 2005).  
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Although this response has been seen in many different species of lens, the physiological 

relevance of syneretic processes to normal lens function was initially dismissed by some, since 

the experimental external pressures applied to the lens were of extremely high magnitude (1 to 

3 atm), and were consequently deemed to be non-physiological (Armaly & Rubin, 1961; 

Schachar, 2005). However, the recent confirmation that the lens generates a substantial and 

highly regulated internal hydrostatic pressure gradient (Figure 8-2B, blue region), which is 

highest in the core and lowest in the surface suggests that a reversible syneretic response could 

also be triggered by changes to the internal pressure gradient, rather than changes to the high 

external pressures applied to the lens as first proposed by Bettelheim. Furthermore, because of 

the higher concentration of crystallins proteins in the lens core relative the outer cortex 

(Fagerholm et al., 1981), one might speculate that syneretic processes may be more significant 

in the deeper regions of the lens. This is supported by our data that shows a relationship between 

free water and pressure in the bovine lens (Figure 8-2C). Finally, our  recent observation that 

the internal pressure gradient in the lens can be altered by changes in zonular tension (Y. Chen 

et al., 2019), implies that external forces applied to the lens can indeed alter free water content 

in the lens via syneresis, although this appears to occur via a mechanism that is different to that 

originally envisaged by Bettelheim. This pressure-sensitive syneretic modulation of the free 

water content in the core of the lens, plus the modulation of cell volume in the outer cortex, are 

both incorporated into our current understanding of the lens microcirculation system in the next 

section. 
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Figure 8-2: Syneretic response in the lens. (A) Schematic representation of the hydration layers around a 

biopolymer that are involved in syneresis. (B) Plot of free water to bound water ratio versus applied external 

pressure in the bovine lens. Free water content was determined by differential scanning calorimetry (DSC) 

measurements to obtain the freezable water content, while the bound water content was calculated by subtracting 

the total water (free + bound), obtained by thermogravimetric analysis, from the free water content. The blue 

shaded area represents the range of the internal hydrostatic pressure gradient measured in the lens. Image replotted 

from (Bettelheim, 1999). (C) Normalized equatorial free water content (T1, black), and intracellular hydrostatic 

pressure (blue), obtained from bovine lenses organ cultured in AAH, plotted against normalized distance from the 

surface of the lens (r/a), where a (cm) is the lens radius and r (cm) is the distance from the lens centre. Normalised 

free water and pressure data were replotted from (Vaghefi et al., 2011) and Figure 4-5, respectively. 
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8.2.3 Incorporation of regional differences in cell volume regulation and syneretic 

modulation of free water content into a new model of the lens microcirculation 

system  

Efforts to experimentally verify the original lens microcirculation model have resulted in the 

dual discoveries that the lens actively removes water from the core to maintain the optical 

properties of the lens (Vaghefi et al., 2011, 2015), and that this overflow of water, via an 

intracellular pathway mediated by gap junction channels, generates a substantial internal 

hydrostatic pressure gradient (Gao et al., 2011).  The realisation that this internal pressure could 

in turn be altering free water content in the lens via the processes of syneresis and inverse 

syneresis, infers that the microcirculation can affect lens water content by not only creating the 

circulating ion fluxes that drive water transport through the lens, but also by generating the 

pressure gradient that modulates the ability of lens proteins to reversible bind water.  Because 

of the greater abundance of crystallin proteins (Fagerholm et al., 1981) and the higher pressure 

found in the lens core, one would expect that the effects of these syneretic processes would be 

greatest in the deeper regions of the lens.  

These new insights have been incorporated into an updated model of the lens microcirculation 

system (Figure 8-3). In this new model the free water content of the lens is determined by a 

combination of flow of water through the lens, plus the localised control of free water content 

via pressure-sensitive syneretic processes in the lens core, and in the outer cortex via volume-

sensitive ion transporters that modulate fibre cell volume. In this model, modulating the 

microcirculation will affect free water content by directing altering the relative rates that water 

is transported into and out of the lens core, and indirectly by altering volume-sensitive 

transporters in the outer cortex and by changing the magnitude of the pressure gradient that will 

in turn alters the free water content in the lens core via syneresis and inverse syneresis.  
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Figure 8-3: Development of a new model to understand how the microcirculation system controls the free 

water content of the lens. In this updated model, protein syneresis, which is sensitive to changes in the pressure 

gradient, is included to explain how the lens microcirculation works in an integrative fashion to maintain a low 

free water content in the core of the lens that is critical to the maintenance of the optical properties of the lens.   

The steps are: (1) The circulation of Na+ ions established by the Na+/K+ ATPase activity at the lens surface creates 

a local osmotic gradient that directs an extracellular flow of water via both poles into the core of the lens where 

the water enters the deeper mature fibre cells; (2) The movement of water through an intracellular outflow pathway 

mediated by gap junctions (GJ) generates a hydrostatic pressure (Pi) gradient that functions to facilitate the water 

outflow from the lens that lowers the free water content of the lens core; (3) Intracellular water flow is directed to 

the lens equator where Na+/K+ ATPase activity is concentrated and water exits the lens; (4) In the lens core high 

protein concentrations and pressure combine to make syneretic processes a further determinant of lens free water 

content. Changes in lens intracellular hydrostatic pressure can induce a shift in the state of water between the free 

and bound pools in doing so buffering pressure/transport changes by altering the amount of water bound to lens 

proteins; (5) In the outer cortex volume sensitive ion transporters (NKCC and KCC) whose activity is reciprocally 

modulated by TRPV1/4 channels modulate fibre cell volume.  
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8.2.4 Auto-regulation of lens water content in the lens core 

In this model I also envisaged that the pressure-sensitive syneretic processes can act as a means 

to buffer the effect of random fluctuations in water transport, which would manifest as changes 

in lens pressure, on the free water content of the lens core, a key parameter in the maintenance 

of the optical properties of lens. This ability of the lens to maintain its optical properties in the 

face of changes in pressure/water transport (evidence is presented below) is reminiscent to the 

ability of the brain to maintain a relatively constant cerebral blood flow (CBF) over a range of 

cerebral perfusion pressures (CPP). Cerebral auto-regulation is a homeostatic process in which 

the vasoconstriction or vasodilation of the small arteries in response to an increase or decrease 

in CPP, respectively, acts to maintain a relatively constant CBF (Paulson & Strandgaard, 1990; 

Willie et al., 2014). However, this adaptive ability has a limited capacity and will result in a 

significant decrease or increase in CBF, which can manifest in cerebral ischemia (Hossmann, 

2006) or hypo-perfusion (Hossmann, 1994), respectively, if the change in blood pressure 

exceeds the upper and low limits of auto-regulatory pressure range. 

Thus, I further propose that the role of the reversible pressure-sensitive syneretic processes in 

the above updated model of the microcirculation system is to provide an auto-regulation of free 

water content in the lens core, which ensures that the optical properties of the bovine lens are 

maintained relatively constant across a limited range of hydrostatic pressures changes. In 

analogy to auto-regulation of CBF in the brain, I envisage the syneretic auto-regulation of free 

lens water content, and therefore lens power, has a tri-phasic response curve consisting of a 

plateau, with lower and upper pressure limits (Figure 8-4A).  Lens power is maintained relative 

constant within the auto-regulatory range of the syneretic response, due to the ability of lens 

crystallin proteins to buffer changes in hydrostatic pressure by modulating free water content 

through either a syneresis, or an inverse-syneresis responses. This can be thought of as a 

compensatory mechanism to adjust the free water content and balance the equilibrium position 

between hydrostatic pressure and osmotic pressure, and thus maintain overall lens optics.   

Thus, from this model one would expect that under normal physiological conditions any 

oscillations in water transport, and therefore pressure, would be buffered in the lens core by 

syneresis or inverse syneresis so that opposing changes to the water to protein ratio (GRIN) and 

lens volume (geometry) would be such that the overall power of the lens does not change. 

However, should a more significant change in water transport/pressure occur that is outside this 

auto-regulatory pressure range, then large changes in free water in lens core would be observed, 
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which will result in more pronounced shifts of lens power and overall vision quality. 

Furthermore, based on this model it is possible to envisage that a change in the magnitude of 

the hydrostatic pressure gradient could be used as a mechanism to alter lens power as either a 

positive (myopic shift) or negative (hyperopic shift) direction (Figure 8-4B). Under this 

scenario syneretic processes would ensure that lens power is maintained relative constant 

around the new lens power set point despite fluctuations in water transport (pressure), as the 

shifts in power are still within the auto-regulatory limits of syneretic response.  Finally, from 

our model we predict that age-dependent post translation modification to lens crystallins 

(Truscott, 2005) can change the ability of the proteins to engage in syneresis and inverse 

syneresis, which will be manifested as a narrowing of the auto-regulation range of syneretic 

response, and therefore, the ability to control the free water content in the core of the lens which 

will alter lens power in older lenses (Figure 8-4C).  

In the remainder of this Chapter, I will use this models shown in Figure 8-3 and Figure 8-4 to 

re-interpret my results and to discuss how these new views of lens function can be utilised to 

offer new insights into the mechanisms responsible for the changes to the optical properties of 

the lens that occur with age.  
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Figure 8-4: Auto-regulation of protein syneresis in the lens core. Three potential scenarios that attempt to 

explain how syneresis and inverse syneresis work to maintain a constant lens power in the face of changes in lens 

pressure/water transport. (A) Within the lower and upper limits of the auto-regulatory range (blue), reversible 

protein syneretic processes alter the free water content to effect opposing changes in geometry and GRIN which 

ensures lens power remains relatively constant despite changes to the pressure gradient. However, as pressure falls 

below the lower limit of the range, larger amounts of water is released from the proteins by syneresis that result 

in significant changes in lens geometry that leads to an increase in lens optical power. Conversely, as pressure 

exceeds the upper limit, more water becomes bound to lens proteins by inverse syneresis to cause a decrease in 

free water content that affects the lens shape, GRIN, and therefore overall optical power. (B) Steady state changes 

in the pressure gradient alter the lens power set point in either a positive (myopic shift), or negative (hyperopic 

shift) direction. Around these new power set points potential changes to lens power induced by fluctuations in 

water transport (pressure) are minimised by syneresis and inverse syneresis. (C) Age-related changes to the ability 

of lens protein to reversibly bind water alters the auto-regulatory range of syneretic response and alters the optical 

properties of older lenses.   

8.3 Use of the revised microcirculation model to explain the effects of changes in 

pressure on overall lens optics  

Having developed a new working model of how the microcirculation model controls free water 

content in the different regions of the lens, in this section I will test the validity of this model 

by seeing if it can adequately explain how the perturbations used in this thesis to modulate the 

lens surface pressure and/or the steady state pressure gradient effect changes in free water 

content that differentially effect lens optics (Table 8-1). In will discuss in turn perturbations 

that predominately altered surface pressure through the modulation of TRPV1/4 activity, and 

then those shown to change central pressure through alteration of the pressure gradient.  

8.3.1 Effects of pharmacological modulation on lens surface pressure  

In this study, I have used pharmacological modulation of the TRPV1 and TRPV4 channels to 

induce both biphasic and steady state changes in the lens surface pressure. However, it needs 

to be stressed that since the pressure measurements were only obtained from the lens surface 

cells, we cannot definitely know what effect these pharmacological modulations have on central 

lens pressure, and consequently the pressure-sensitive syneretic response in the lens core. Thus, 

in this section I will focus primarily on the effects that modulation of TRPV1/4 channels have 

on the regulation of cell volume in outer cortex regulation, but I will also speculate how these 

changes may be affect the internal water content and optical properties in the core of the lens.  

Biphasic changes in lens surface pressure: In this thesis, I have shown that the biphasic 

reduction in bovine lens surface pressure induced by activation of TRPV4 (Figure 5-11) did 

not elicit a measurable power response (Figure 6-4), whereas, the transient increase in lens 

pressure following TRPV1 activation (Figure 5-10) lead to an associated increase in power 

(Figure 6-5). These changes were, however, only transient and they soon returned to near basal 



Chapter 8. Conclusion and significance 

205 | P a g e  

 

levels. These results tend to suggest that the lens contains a regulatory system that is designed 

to respond to fluctuations in lens surface pressure/water transport in a manner that ensures the 

optical power of the lens, and therefore overall vision quality is maintained relatively constant. 

Activating one arm of this dual feedback pathway with the TRPV1-activator, capsaicin, induces 

PI3K to phosphorylate Akt (Gao et al., 2015; Shahidullah et al., 2020), which in turn leads to 

an increase in NKCC mediated ion uptake (Shahidullah et al., 2020) that increases intracellular 

osmolarity, and surface hydrostatic pressure, in both the bovine (Figure 5-10) and mouse 

(Delamere et al., 2020) lenses. Resultant influx of water into the lens surface cells (Figure 8-1) 

increases the lens internal water content in the peripheral fibre cells (Figure 8-3) promoting an 

increase in cell volume at least in the outer cortical regions that have been shown to express 

NKCC (Chee et al., 2010; Vorontsova et al., 2017). This initial increase in cell volume could 

lead to changes in lens geometrical shape that drive the observed transient increase in overall 

lens power (Figure 6-5).  

These changes to cell volume and surface pressure induced by TRPV1 activation, eventual lead 

to the activation of mechanosensitive TRPV4 channels. This sequential activation of TRPV4 

channels in turn triggers ATP release, an increase in Na+/K+ ATPase (and potentially KCC 

activity, see Donaldson et al., 2009) that increases ion and water efflux that drives a regulatory 

volume decrease (RVD) to restore lens cell volume and therefore the lens power (Figure 6-5). 

Because of the transient changes in lens surface pressure observed with TRPV1 and TRPV4 

activation, one may expect that changes in the lens central pressure to be also transient or even 

minimum in the larger bovine lens. These small changes in lens central pressure could therefore 

be buffered in the lens core by modulating free water content through either a syneretic, or an 

inverse-syneretic response. However, this is only speculation at present and future studies are 

needed to examine the effect of these pharmacological treatments on the lens central pressure. 

Because these changes in lens surface pressure are quite transient, it may not be informative to 

characterize the whole pressure gradient. Instead using a second microelectrode to monitor 

changes in lens central pressure while simultaneously measuring the lens surface pressure 

would give us not only the magnitude of the changes in these two regions, but also the time 

course of the response which would allow a better understanding of how changes surface 

pressure influence changes in the lens core. Along a similar line an ability to visualize the 

changes in lens fibre cell volume in the periphery in response to changes in surface pressure 

would also be an important experimental innovation. This can be achieved using an imaging 

technique that was developed in the MVL named the Off-Angle-Light (OAL) microscopy to 
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record dynamic changes to fibre cell morphology in whole lenses while measuring pressure 

changes with my pico-injector-based microelectrode system  

Steady state changes in lens surface pressure: The activation of either TRPV1 or TRPV4 

following inhibition of the opposite arm of the dual feedback pathway eliminates the biphasic 

pressure response (Figure 5-14) and allows the effects of a longer term shift in lens pressure 

on the optical properties of the lens to be analysed. My results show that steady state changes 

in lens intracellular surface pressure (water transport at the lens surface), which alter both lens 

geometry and GRIN (Figure 7-15), had a differential effect on the optical power (Figure 7-16). 

We found a trend towards higher power in lenses with TRPV4 inhibition and TRPV1 activation 

when comparing to lenses with TRPV1 inhibition and TRPV4 activation, which showed a small 

but insignificant negative change in its optical power (Figure 8-1).  

Based on our model, blocking one side of the pressure regulatory system we would expected 

to at least partially affect the lens cell volume regulation at the lens surface. The subsequent 

activation of the TRPV1 or TRPV4 channels would be expected to not only induce a long term 

change in surface pressure, but also the steady state volume of the fiber cell at the lens surface, 

and therefore inducing changes to the normal set point of the lens cell volume. This may in part 

explain our observation that opposite changes in lens anterior surface curvature in lenses with 

TRPV4 inhibition and TRPV1 activation, and lenses with TRPV1 inhibition and TRPV4 

activation (Table 8-1). These results are very interesting, because they raise the possibility that 

the volume at the anterior and posterior tips of a fibre cell can be differentially regulated, as we 

are see more significant changes in the curvature of the lens at anterior surface relative to the 

posterior surface. Interestingly, others in the MVL have recently shown that the expression of 

AQP5, which acts as a regulated water channel in the rat lens, can be dynamically regulated by 

changing the lens zonular tension, and more importantly, the changes in the membrane location 

of AQP5 were mainly observed in the anterior not the posterior sutures of the rat lens (Petrova 

et al., 2020). Together, these results suggest that lenses contain a mechanism to differentially 

regulate free water content and therefore fibre cell volume that can effect greater changes in 

the anterior surface curvature relative to the posterior surface curvature that can alter overall 

lens power.  

Although in this study the change in pressure is only measured at the lens surface, I would 

speculate that the observed sustained changes in lens surface pressure were also propagated 

through the lens core as a change in pressure gradient similar to that seen in Chen et al., (2019) 
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by the modulation zonular tension (Figure 3-7). It is therefore possible that TRPV1 activation 

with TRPV4 inhibition mimics the increased in the pressure gradient observed by the 

pilocarpine decrease in zonular tension that is mediated by activation of TRPV1 channels. This 

steady state increase in lens central pressure would be buffered by an inverse syneretic response 

that changes free water to bound water, and eventually causing a decrease in the lens internal 

water content (Table 8-1). This slow reduction in lens internal water content with TRPV1 

activation and TRPV4 inhibition could account for the observed steady state increase in lens 

GRIN distribution (Figure 7-15) that contributes to the observed small increase in lens optical 

power (Figure 7-16). Thus, it is interesting to speculate that steady state shifts in lens 

hydrostatic pressure gradient and therefore water content will change the set point for the lens 

optical power (Figure 8-4B) to induce either a myopic or hyperopic shift in vision. Here, 

although we are seeing a trend of differential change in lens optical power when comparing the 

two treatment groups with either a positive or negative shift in lens surface pressure, however, 

these changes were deemed not to be statistically significant. Hence, further research is required 

to confirm that these changes and to establish what an appropriate dose-response is that will 

result in a significant change in lens power.  Again the ability to simultaneously measure both 

surface and central pressure will be an important innovation to allow us to a better 

understanding of how steady state changes to the pressure gradient are influencing lens power 

in the different regions of the lens.  

8.3.2 Effects of changes on central pressure  

I have used two experimental perturbations, ouabain and HBO, to decrease and increase, 

respectively, the magnitude of the central pressure. Below I have used my data and results from 

published MRI studies (Donaldson et al., 2017; Vaghefi et al., 2015) and unpublished LRT 

experiments (Qiu Chen Doctoral thesis (2019)) to investigate whether my new models auto-

regulation of free water content in the lens core can adequately explain the effects of these 

perturbations on lens power.   

Effects of ouabain: Inhibition of Na+/K+ATPase by ouabain significantly decreased central 

pressure (Figure 4-7), which MRI experiments have shown is accompanied by significant 

increases in both free water content in the lens core and lens power, that was driven in part by 

a rounding up of the lens geometry (Table 8-1) (Vaghefi et al., 2015). These changes are all 

consistent with our working model, which invokes a pressure-sensitive syneresis that acts to 

regulate free water content in the lens core over a range of pressures (Figure 8-4A). However, 
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because the ~24% drop in central pressure induced by ouabain fell outside this auto-regulation 

range, it induced a large release of bound water from the crystallin proteins located in the lens 

core. As expected this large increase in free water caused a dramatic change in lens surface 

curvature, but paradoxically also induced an increase in the refractive index in the core, which 

also contributed to the observed increase in lens power, as well as changes to lens spherical 

aberration, that together impacted on overall vision quality (Vaghefi et al., 2015). This increase 

in  the refractive index measured by T2 imaging seems at odds to the increase in free water that 

was observed by T1 measurements (Vaghefi et al., 2015). However, this ouabain-induced 

increase in central GRIN have been subsequently confirmed by LRT analysis (unpublished data 

from Qiu Chen Doctoral thesis (2019)) that directly measures the GRIN. This paradoxical 

increase in the GRIN was not predicted by our simple model of syneresis, and suggests a more 

complex relationship between the state of protein hydration and the refractive index increment 

of a protein exists. A theoretical refractive index increment of a protein can be calculated from 

the proteins refractivity, specific volume and amino acid composition (Zhao, Brown, & Schuck, 

2011). More recently, Khago et al. (2018) have shown that differences in crystallin hydration 

can contribute more to the actual refractive index than the theoretical refractive index calculated 

from the sum of a proteins amino acids. This indicates that the ionic environment of a protein 

can alter the actual refractive increment of crystallin proteins, which implies that it is not only 

the free water content, but also the ionic environment that needs to be regulated to maintain 

lens GRIN and its contribution to lens power and the correction of spherical aberration. Thus 

in the future it will be interesting to study how changes to the local ionic environment alter the 

refractive properties of lens crystallins. 

Effects of hyperbaric oxygen: Exposure of bovine lenses to hyperbaric oxygen (HBO) 

treatment for 15 hours caused an increase in central pressure (Figure 4-10), which in MRI 

based experiments was shown to be accompanied by a decrease in GRIN and a loss of lens 

power (Lim et al., 2016). In unpublished work, the MVL has subsequently shown that HBO-

induced oxidative stress inhibits solute delivery via the microcirculation, and results in an 

increase in free water content in the core of the lens (Table 8-1). This increased free water 

content in turn results in a decreased GRIN predominately in the lens core, leading to a decrease 

in lens power and a hyperopic shift in overall vision. Unlike ouabain, which directly inhibits 

the lens Na+/K+ ATPase and reduces lens pressure, the increase in lens pressure induced by 

HBO-induced oxidative stress is thought to be the result of damage to gap junction channels 

that increases the resistance to water outflow and hence steepens the pressure gradient. Since 
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the HBO-treated bovine lens is considered a model of lens aging (Lim et al., 2016), this 

reduction in gap junction coupling is consistent with the age-related decrease in gap junction 

coupling conductance observed in the mouse lens (Gao et al., 2011), which has been shown to 

be exacerbated by oxidative stress (H. Wang et al., 2009). I would have expected, based on my 

model of auto-regulation (Figure 8-3), that an increase in central hydrostatic pressure would 

have in turn be buffered by inverse syneresis that would convert free to bound water and 

consequently increase the GRIN and overall lens power. However, the observed HBO-induced 

increase in lens pressure was in fact accompanied by a decrease in GRIN and a reduction in 

lens power. To reconcile these findings, I propose that in addition to damaging gap junctions 

the oxidative damage induced by HBO-exposure compromises the ability of crystallin proteins 

to engage in syneresis, and it is this failure that causes the observed increase in free water in 

the face of an increase in the intracellular hydrostatic pressure gradient.  To further study this 

phenomenon it would be interesting to compare the changes in pressure and optics between 

HBO-treated lenses and lenses where gap junctions have been inhibited by low pH or other 

pharmacological reagents. In lenses in which their gap junctions had been blocked directly I 

would expect, as seen for HBO-treated lenses, there would be an increase in the pressure 

gradient, but in the absence of oxidative damage to the crystallins inverse syneresis would alter 

the free water content to maintain the optical properties of the lenses treated with gap junction 

inhibitors. These experiments will be the focus of future work in the MVL.   

In summary, our new model of the lens microcirculation can explain a number of the changes 

to lens pressure and optics that are observed following experimental manipulation of the 

microcirculation. However, the current model does not explain all changes and there is a 

number of additional experiments that are required to more fully test and refine the model which 

will be the focus of future work. Despite this need for further testing, as discussed in the next 

section, my model can be used to offer new insights into how the optical properties change with 

age.  
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Table 8-1: Summary of the effect of modulating lens intracellular hydrostatic pressure on the lens optics. 

The changes in the parameters obtained from TRPV4 or TRPV1 activated lenses were presented in relative to each other after 3 hours of treatment. 

†Data for Ouabain were extracted from (Vaghefi et al., 2015) and are presented in relative to the values obtained from organ cultured in AAH for 4 hours.  

£ Data for HBO were extracted from (Lim et al., 2016) and are presented in relative to the values obtained from organ cultured in HBN for 15 hours.  

*Based on the hydrostatic pressure measurement in mouse lenses treated with pilocarpine and tropicamide to induce contraction and relaxation of the ciliary muscles through 

TRPV1 or TRPV4 activation, respectively (Y. Chen et al., 2019). 

^Based on pressure induce syneretic or reverse syneretic response. 
~ 

Lens internal water content is determined by the combination effect of the pressure driven water outflow and the changes in pressure induced shift in water between the free 

and protein bounded states via syneresis. 

nc no significant changes.  

Perturbations 

Physiological Parameters Optical Parameters Overall optics 

Pressure 

(Surface) 
Pressure 

(Core) 
∆P 

Water 

outflow 

Free/bound 

water ratio 

(Core) 

Water 

content  

(Core) 

Geometry 
GRIN 

(Protein/water) Power SA 

TRPV1 

activation 

with TRPV4 

inhibition 

↑ ↑* ↑* ↑* ↓^ ↓~ ↓Anterior 

Curvature 
↑C, ↑IC, ↑OC ↑  

(+0.4D) nc 

TRPV4 

activation 

with TRPV1 

inhibition 

↓ ↓* ↓* ↓* ↑^ ↑~ 
↑Anterior 

Curvature 
↓C, ↓IC, ↓OC 

nc 

(-0.05D) 
nc 

Ouabain† nc ↓↓↓ ↓↓↓ ↓↓↓ ↑↑↑^ ↑↑↑ 

↑↑↑ 

(Aspect 

Ratio) 

↑↑C, ↑↑IC ↑↑↑ ↑↑↑ 

HBO£ ↑↑ ↑↑ ↑↑ ↓↓ ↓↓^ ↑↑ nc ↓↓C, ↓↓IC ↓↓ nc 
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8.4 Dysfunction of the autoregulation of lens optics – new insights into 

age related lens pathologies 

The lens continues to grow throughout life by the addition of extra layers of secondary fibre 

that increase the thickness of the lens. This change in lens size with age is also accompanied 

by changes to the dynamic and steady state refractive properties of the lens, and an age-

dependent increase in light scattering. These age-related changes manifest clinically as a 

hyperopic shift in vision known as the lens paradox, the loss of accommodative amplitude and 

the onset of presbyopia in middle age, and the development of cataract in the elderly. They 

occur as a continuum over many decades of life, and are strongly associated with changes to 

the properties of the lens at the tissue level (water content, shape, and GRIN). However, less is 

known about the cellular origins of these changes to the optical properties of the lens. Having 

proposed a model that links the changes in lens intracellular hydrostatic pressure to its optical 

properties, in this section I investigate whether my new model can explain these age related 

changes to the optical properties of the human lens.   

8.4.1 The lens paradox  

The lens paradox is the phenomenon in which the curvature of the human lens increases 

(steepens) with age, yet the lens does not get more powerful with age. This apparent paradox 

has been explained by changes to the lens GRIN with age that compensate for the increase in 

lens geometry induced by the continuous growth of the lens (Augusteyn, 2008; de Castro et al., 

2013; Jones et al., 2005; Kasthurirangan et al., 2008; Moffat & Pope, 2002). More recently, it 

has been shown that the refractive index profile along the equatorial axis of the lens becomes 

relatively uniform and forms a distinct plateau with age, particularly for lenses below the age 

of sixty that still have some capacity to alter their shape in vivo (Pierscionek et al., 2015). These 

age related changes in the shape of the GRIN have been linked to the decrease in overall optical 

power of the lens (Borja et al., 2008; Glasser & Campbell, 1998, 1999; Glasser & Kaufman, 

1999). However, the molecular processes that are responsible for this flattening of the GRIN 

profile and subsequent loss of optical power with age are not well understood. 

The most obvious explanation for this documented age related change in the lens GRIN and 

shape is that the continuous addition of fibre cells to the adult nucleus throughout life. This 

increases the number of cells per unit area, and therefore the cyrstallin protein concentrations, 

leading to an increase in the refractive index in the central regions of the lens that flattens the 



Chapter 8. Conclusion and significance 

212 | P a g e  

 

GRIN profile (Philipson, 1969; Pierscionek et al., 1987). However, does not explain the fact 

that the absolute value for refractive index in the nucleus also falls as the GRIN flattens with 

age (Pierscionek et al., 2015). Our laboratory has observed a similar reduction in central 

refractive index in bovine lenses exposed to HBO for 15 hours (Lim et al., 2016). As discussed 

above, HBO exposure enhances the delivery of oxygen to the deeper lying fibre cells and results 

in an increase in oxidative damage to lens proteins and has been used as an animal model of 

ageing (Lim et al., 2016). T2 imaging of bovine lenses treated with hyperbaric oxygen (HBO) 

for 15 hours revealed a similar decrease of the lens RI in the inner cortex and nucleus regions 

(Lim et al., 2016), but it was unclear whether the observed change in lens GRIN was due to a 

decrease in protein content and/or an increase in water content. In this current study, I have 

shown that HBO-treated lenses have an increased hydrostatic pressure gradient when 

comparing to HBN lenses (Figure 4-10), suggesting that HBO induced oxidative stress is 

altering the lens microcirculation, potentially due to a decrease in gap junctional coupling, since 

oxidative damage to gap junction channels has been shown to both decrease cell-to-cell 

coupling (Z. Wang et al., 2010) and increase in lens pressure (Gao, Wang, et al., 2013) in older 

mouse lenses. However, based on my new model this age dependent increase in lens pressure 

would be expected to promote inverse syneresis to increase the binding of water to lens proteins, 

and therefore decrease the free water content of the human lens (Figure 8-2). The observation 

that in the human lens the free water content instead increases with age (Lie et al., 2021 in 

press), suggests that with age the ability of lens proteins to engage in inverse syneresis is 

compromised, presumably by the gradual accumulation of oxidative damage to lens proteins 

that alters their ability to reversibly bind water, but which has minimal effect on lens 

transparency. Thus, the lens paradox can be explained by an increase in free water content in 

the lens core, which is initiated by the degradation of the ability of proteins in this region of 

the lens to bind water, which therefore results in a decrease in the central GRIN. This decrease 

in GRIN counteracts the increased contribution of lens geometry to overall power, caused by 

the continued growth of the lens, such that the relative contributions of GRIN and geometry 

produce a less powerful lens, and a hyperopic shift in vision with advancing age.  
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8.4.2 Accommodation and presbyopia 

My initial findings in the mouse lens (Chapter 3), which showed changing zonular tension can 

alter the lens pressure gradient, raises questions about the relevance of this mechanism to the 

mechanism of accommodation and the onset of presbyopia in the human lens. In young 

individuals the lens changes its focusing power in response to the contraction or relaxation of 

the ciliary muscle that decreases or increases, respectively, the tension applied to the lens via 

zonules of Zinn. This change in zonular tension allows the lens to dynamically change both its 

shape (Glasser & Kaufman, 1999) and GRIN (Birkenfeld et al., 2013) thereby enabling the lens 

to focus on both near and far objects. Since it has been shown in the mouse lens that effects of 

zonular tension on lens pressure are mediated by TRPV1 and TRPV4, it is interesting to 

speculate that changes in zonular tension that occurring during accommodation in humans will 

also affect changes in the lens pressure gradient.  If this were the case then I would envisage 

that the reduction in tension applied to the lens, caused by the contraction of the ciliary muscle, 

will activate the TRPV1-mediated signalling pathway that up regulates NKCC activity to drive 

ion and water uptake that increases lens volume to augment the shape change that increases 

lens power. These changes would in turn result in an increase in the pressure gradient that 

drives an inverse syneresis response that acts as a defence mechanism to bind free water to 

prevent a dilution of the GRIN. The actual restoration of the lens optical power/water content 

occurs when the zonular tension starts to decrease (unaccommodating) and thus restoring the 

lens intracellular hydrostatic pressure potentially through TRPV4 mediated feedback pathway 

that promotes loss of ions and water from the lens.  

Obviously there is a lot more work to do to translate our findings in non-accommodating mouse 

and bovine lenses to human lenses that exhibit a wide accommodation range, but if our 

hypothesis that a pressure-sensitive syneretic mechanism contributes to the changes to lens 

geometry and GRIN that occur during accommodation is correct, it would offer new insights 

into how presbyopia develops in middle age. One such prediction would be that presbyopia is 

caused by the cumulative modification of crystallins that alter their ability to reversibly bind 

water and therefore to buffer the changes in free water that occur during accommodation. Since 

we do not have access to a suitable animal model that accommodates in New Zealand, the MVL 

is actively developing in vivo MRI imaging protocols (Lie et al., 2021 in press) to measure 

changes to free water in response to a range of accommodation stimuli that can be applied to 

pre-presbyopes and presbyopes that can be used to test this hypothesis.  
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8.4.3 Age related nuclear cataract 

Age-related nuclear (ARN) cataract occurs as nuclear proteins become modified, aggregate, 

and precipitate (Lim et al., 2016; Lou, 2003; Truscott, 2005). There is now general agreement 

that age related oxidative stress is the major contributing factor to the ARN formation, however 

it is still unclear that how the observed opacification specifically in the lens nucleus is initiated 

considering the normal lens operates a robust oxygen radial scavenger system. The human lens 

is normally protected from oxidative stress induced damage by a robust antioxidant defence 

system, which utilizes glutathione (GSH) as its predominant antioxidant detoxify reactive 

oxygen species and protect lens proteins against oxidative damage (Borchman et al., 2000; 

Reddy, 1990). The maintenance of GSH levels in the lens nucleus is critical to the prevention 

of protein cross-linking, crystallin aggregation and light scattering. However, in ARN cataract, 

GSH levels in the lens nucleus are significantly reduced (Rathbun & Murray, 1991; Sweeney 

& Truscott, 1998). To date, ARN cataract has been attributed to the inability of the lens to 

maintain GSH levels in the lens nucleus (Truscott, 2000). Although the exact mechanisms 

underlying this GSH depletion remain unclear, it has been proposed that the age-dependent 

failure of the microcirculation to deliver nutrients to the lens nucleus will lead to a depletion 

of GSH levels in this region through an inhibition of its direct delivery (Donaldson et al., 2017). 

In support of this contention I have shown that HBO induced oxidative stress compromises the 

lens microcirculation system in bovine lenses by inducing a significant increase in the lens 

intracellular hydrostatic pressure gradient.   

In addition, any impairment of the microcirculation would be expected to decrease GSH 

delivery to the lens core and therefore disrupts redox balance in the centre of the lens that will 

result in the modification of crystallins that engage in syneretic regulation of lens water content. 

In support of this notion, it has been found that with advancing age the ability of the human 

lens to respond to an increase in external pressure with an inverse syneretic shift in water 

decreases (Bettelheim et al., 2003). This means that younger lenses can buffer the changes in 

external pressure applied to the lens by converting free water to bound water, however, in older 

lenses, this ability is diminished and in some cases reversed, resulting in an uneven 

accumulation of free water. Indeed, in cataractous lenses, bound water has been found to be 

higher in clear regions than in the opaque regions, suggesting localised increases in lens free 

water content which alter the GRIN (see reivew, Bettelheim, et al., 1981) precede full blown 

protein changes that induce protein precipitation (see review, Opalecky, et al., 1981). These 

previous studies suggested an association between the external pressure applied to the lens and 
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the age dependent change in lens internal free water content. My findings, however, would 

suggest that it is localised damage to lens proteins that impairs their ability to engage in 

syneresis in response to an increase in the internal hydrostatic pressure gradient that produces 

this uneven accumulation of free water content which precedes the full blown protein 

aggregation that manifests as ARN cataract.  

In conclusion, while I started this PhD project with a clear and simply hypothesis that 

regulation of the lens water transport (pressure gradient) is directly linked to changes in the 

lens optics. However, my subsequent results presented in this thesis have shown that this initial 

hypothesis was an oversimplification and that my initial model of the microcirculation system 

required modification. This modification consisted of adding a pressure-sensitive cell volume 

regulatory system as well as a pressure-sensitive syneretic system, which contributes to the 

maintenance of the free water content that determines lens power, to the model.  This new 

model appears to not only explain my experimental data but also offers new insights into the 

changes in the optical properties that are observed in the human lens with advancing age. By 

further testing this model it is hoped that we will be able to provide new insights into the 

mechanisms responsible the onset of presbyopia and cataract that will inform the development 

of novel pharmacological therapies to maintain vison quality in the elderly. 
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Appendix A: Theoretical modelling of lens 

intracellular hydrostatic pressure gradient  

The model of hydrostatic pressure driven water transport through layers of gap junction 

channels in the lens was developed based on theoretical thermodynamic and fluid mechanics 

and was first proposed by Gao et al. (2011). In this appendix, the general theory of the water 

transport through gap junctions and thus the establishment of a hydrostatic pressure gradient 

will be reviewed and summarized.  

Gap junction channels (GJs) are non-selective aqueous pores that form electrical and 

diffusional coupling between the intracellular compartment of neighbouring cells (Harris, 

2001). In vertebrates, GJs are formed from a subunit of proteins called connexins. A GJ is 

composed of two hemichannels, each of which is formed from six connexins.  A cell-to-cell 

gap junction is formed when two hemichannels of the neighbouring cells are docked head-to-

head across a narrow ~2 nm extracellular gap between cells in contact. With a width of the pore 

averages 20Å they are able to conduct and transport hydrophilic molecules up to 1 KDa in size. 

The ability of those GJs to share ions and small molecules is the basis for metabolic cooperation 

in many tissues (Brink et al., 1988). 

Although there is no direct experimental evidence for gap junction water permeability, several 

studies had suggested the potential role of gap junctions in volume dynamics and/or water 

transport (Barr et al., 1965, 1968; De Mello, 2010; Harris, 2018; Loewenstein et al., 1967; 

Scemes & Spray, 1998). It is not surprising that water can permeate through GJ channels, 

especially if one considers their size and charge selectivity. In fact, in an early modelling study, 

which investigated the effects of steady state junctional currents on ion accumulation, the idea 

of a fluid flux through gap junctional channels had been considered as an important and 

necessary element in models developed explain GJ permeability experiments (Brink et al., 

1988). 

Model calculations developed to study the potential role of gap junctions located in the ciliary 

epithelium of the ciliary processes that secrete the aqueous humour indicated that those GJs 

could directly participate in the aqueous humour secretion, by actually being the path of fluid 
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flow (Mathias et al., 2008). A surprising conclusion of this study was that instead of an osmotic 

gradient, a transjunctional hydrostatic pressure gradient develops at the apical-apical interface 

between the pigmented and non-pigmented epithelium to drive the fluid flow. This model has 

been supported by a number of experiments using genetically modified animal models, 

including mice that lacking either Cx26 and Cx32 (Walcott et al., 2002) or Cx43 (Calera et al., 

2006). In addition, more recent work that investigated the role of gap junctions in porcine and 

bovine ciliary epithelium also favour this GJ mediated secretion of AH model (S. K. L. Li et 

al., 2018; Z. Wang et al., 2010). However, for a single layer of gap junction channels between 

the pigmented and nonpigmented epithelia, the pressure difference was predicted to be just a 

few mmHg (Mathias et al., 2008), and any difference that small would be difficult to 

experimentally quantify. The ocular lens on the other hand, which consists of hundreds of 

layers of fibre cells connected by GJs, water transport through GJ channels would be expected 

to generate a substantial hydrostatic pressure gradient across the whole lens that would in turn 

help to drive the intercellular outflow of water movement from the core to the lens surface, 

(Mathias, 1985; Mathias et al., 1997). A mathematical model of this hypothetical pressure 

driven water transport in the lens was then subsequently developed to describe the pressure 

driven water transport through gap junctions (Gao et al., 2011; Mathias, 1985; Mathias et al., 

1997). 

This model was developed based on previous knowledge of lens transport and structure, and 

incorporated a number of simplifying assumptions to yield a structurally based and 

physiological reasonable description of the lens intracellular hydrostatic pressure gradient. As 

Gao et al. (2011) states that this model only focuses on the intracellular leg of fluid flow without 

trying to define a comprehensive model of lens transport, including osmotic and hydrostatic 

pressure gradients in both the intracellular and extracellular compartments of the lens. As 

modelled for GJ channels in the ciliary epithelium, lens GJ channels were considered to be 

right circular cylinders with radius aj = 1 nm and length ℓ = 14 nm. Laminar fluid flow was 

considered within the channel (Mathias et al., 2008), and the single-channel hydraulic 

conductivity determined by standard physics and expressed as Eq. A1: 

 
𝐿𝑗 =  

𝜋𝑎𝑗
2

8𝜂ℓ
 ≈ 4 × 10−18

𝑐𝑚3 𝑠⁄

𝑚𝑚𝐻𝑔
 Eq. A1 
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where the viscosity of water is η = 7 × 10−6 mmHg/s. If Nj is the number of channels per cm2 of 

cell-to-cell contact (Nj ∼1010/cm2), then the gap-junctional hydraulic conductivity will 

be NjLj ((cm/s)/mmHg)). 

Water flow through a gap junction was then modelled using the thermodynamic equation 

described in Kedem and Katchalsky et al. (1958) with the assumption that all the solutes can 

enter the GJs. Therefore, the transjunctional water flow uj (cm/s) in the lens depends only on 

the transjunctional pressure drop Δpj (mmHg) given by: 

 𝑢𝑗  =  − 𝑁𝑗𝐿𝑗Δ𝑝𝑗  Eq. A2 

 

Since the pressure drop between the lens center and surface will mostly take place at discrete 

locations across gap junctions, these gap junctions are, however, closely spaced (approximately 

equal to the width w (∼3 × 10−4 cm) of a cell layer) relative to the distance over which pressure 

changes. The lens intracellular pressure pi (mmHg) was then treated as a continuous function 

of the radial position r (cm). Intracellular radial water flow ui (cm/s) is therefore related to pi 

by: 

 
𝑢𝑖 = −𝛬𝑖  

𝑑𝑝𝑖

𝑑𝑟
 Eq. A3 

 

where the effective intracellular hydraulic conductivity 𝛬𝑖 is approximately:  

 
𝛬𝑖 =  w𝑁𝑗𝐿𝑗  ≈ 0.0012 (

𝜇𝑚2 𝑠⁄

𝑚𝑚𝐻𝑔
)  Eq. A4 

 

Finally, ui (cm/s) can be expressed as an alternative form, which was developed based on the 

original hypothesis that fluid flow is primarily generated due to the Na+ circulation  (jNa, ∼0.5 

pmol/cm2/s) together with the assumption that the maximum fluid flow velocity is  “isotonic 

transport” (Mathias & Wang, 2005). That is: 

 
𝑢𝑖(𝑟) =

𝑆𝑚

𝑉𝑇
𝐾

𝑗𝑁𝑎

𝐶0

𝑟

3
 Eq. A5 
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where Sm/VT (∼6,000 cm−1) is the surface area of fiber cell membrane per unit volume of tissue 

(Mathias et al., 1997), co (300 μmoles/cm3) is the extracellular solute concentration, K is an 

unknown fraction that varied between 0 to 1 to ensure that water flow will always be less than 

isotonic. Inserting Eq.5 into Eq.3 and integrating gives a theoretical expression of lens 

intracellular hydrostatic pressure that drives the GJ-mediated water flow from the core to the 

surface. 

In wild-type mouse lenses, Cx46 and Cx50 contribute equally to the coupling conductance 

between the DF cells in the outer cortex region (GDF ≈ 1 S/cm2 of cell-to-cell contact), whereas 

in MF cells channels made from Cx46 provide the majority of the coupling conductance (GMF ≈ 

0.5 S/cm2 of cell-to-cell contact) (Mathias et al., 2010), resulting in a decrease in gap junction 

coupling conductance between MF and DF cells. To account for the change in GJ coupling 

conductance and known change in connexin composition of channels that occurs at the DF to 

the MF cell transition (define as r = b, where b ≈ 0.85a), the lens intracellular hydrostatic 

pressure was expressed as: 

 
𝑝𝑖(𝑟) =

𝑆𝑚

𝑉𝑇
𝐾

𝑗𝑁𝑎

𝐶0

𝑎2 − 𝑟2

6Λ𝐷𝐹
                                  𝑏 ≤ 𝑟 ≤ 𝑎  Eq. A6 

 
𝑝𝑖(𝑟) =

𝑆𝑚

𝑉𝑇
𝐾

𝑗𝑁𝑎

𝐶0
[
𝑎2 − 𝑏2

6Λ𝐷𝐹
+  

𝑏2 − 𝑟2

6Λ𝑀𝐹
]            0 ≤ 𝑟 ≤ 𝑏  Eq. A7 

 

with the assumption that 𝛬𝑖 =  𝛬𝐷𝐹 in the zone containing DF cells, whereas 𝛬𝑖 =  𝛬𝑀𝐹 in the 

zone of containing MF cells. 

Based on the above mathematical calculation, the lens intracellular hydrostatic pressure (pi) 

was predicted to be the highest at the center and lowest at the surface. The center to surface 

pressure difference was hypothesised to vary directly with the circulation of Na+ (jNa) and 

inversely with the number of GJ channels coupling fibre cells (ΛMF, ΛDF) to drive the lens 

intracellular water movement. 
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Appendix B: Theoretical basis for the 

retrieval of the lens GRIN distribution 

A fully automated laser ray tracing system, together with an iterative retrieval algorithm, was 

employed in this thesis to measure the GRIN of the bovine lens. This LRT system was 

developed in the MVL and has been shown to be able to produce accurate measurements of the 

lens GRIN (Qiu et al., 2017). In the current study, computed refractive properties of the lens 

obtained based on the retrieved GRIN and measured geometry were used to examine the effects 

of physiological perturbation of the lens intracellular hydrostatic pressure on the lens optics. In 

this appendix, the theoretical and technical aspects of using this LRT system are first reviewed 

and then the potential limitations of the system are discussed.  

Ray tracing has long been used as an imaging technique to retrieve optical information about 

lenses by analyzing the paths of incident and refracted rays before and after they pass through 

a lens. The first experimental application of LRT to retrieve GRIN was performed in rat lens 

by Campbell and Hughes (1981) and subsequently by Campbell (1984), but the method 

required matching of the external index with the refractive index at the lens surface, as well as 

the assumption that the GRIN model has elliptical iso-indicial surfaces that are concentric with 

the surface of the lens. This method was improved by Beliakov & Chan (1998) to avoid the 

use of elliptical iso-indicial surfaces, however, it still required the matching of the RI between 

the external environment and the lens surface. 

More recently, an alternative algorithm, also based on ray tracing, was developed by Acosta 

(2005) and Vazquez et al. (2006) that makes use of a tomographic-based reconstruction 

approach to retrieve GRIN profiles from both spherical or non-spherical crystalline lenses. 

Importantly, this new algorithm overcame the experimental requirement to accurately match 

the RI of the external environment with that of the lens surface. The only and most important 

assumption involved in this algorithm was that the lens GRIN profile is rotationally symmetric 

about its optical axis, which has found to be true for most lenses (Kuszak et al., 1996). A review 

of the theory underlying the calculation of the lens GRIN from this tomographic method will 

be discussed below.  
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The basic idea of the tomographic algorithm is to retrieve the refractive index distribution from 

measurements of the optical paths of rays passing through the lens (OPL), which can be 

calculated by measuring the deflection produced by the lens for a collection of incoming laser 

beams. As the algorithm is tomography based, the method requires measuring the deflections 

of multiple rays at several different projection angles, which produces a large amount of data 

that needs to be analysed. However, for a rotationally symmetrical crystalline lens, only rays 

in the meridional plane need to be scanned and analysed, as incident rays passing through that 

plane are constrained, and will not leave that plane along their trajectories, greatly saving 

computational time and effort. A schematic diagram showing the incident rays and refracted 

rays in the meridional plane, passing through a lens with a GRIN distribution n (x, z) is shown 

in Figure B-1.  

 

Figure B-1: Schematic diagram showing the experimental information obtained from laser ray tracing to 

retrieve the lens GRIN. The diagram shows a rotationally symmetrical crystalline lens surrounded by a 

homogeneous medium of refractive index next, a gradient index distribution given by n(x,z) at any of its sagittal 

planes, and traversed by a collection of parallel incoming rays at an angle θ to the Z axis. Point A and D represent 

an arbitrary perpendicular line to the entry rays and an arbitrary line parallel to the X axis, respectively. Points B 

and C represent the points of incident ray and refractive ray intersections with the lens surface. Image taken from 

(Vazquez et al., 2006). 

The use of tomography in the optics allows the optical path covered by light-ray trajectories at 

different positions to be expressed as the result of integration of the refractive index distribution 

n(x,z) of the lens along the trajectory of ray for each one of the measurement positions from 

the entry point B to the exit point C, and can be expressed as: 

 
�̃�(𝐵𝐶) = ∫ 𝑛(𝑥, 𝑧)𝑑𝑠

𝐶

𝐵

 Eq. B1 

where ds is the differential arc length of the ray trajectories.  
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The algorithm then utilizes input information obtained from the laser scanning experiment that 

contains both the parallel incoming rays at different projection angels, θ, and outgoing rays 

after they have passed through the lens. By characterising these ray trajectories, the exit 

deflection angles, α, can be obtained and by uisng eikonal equations the optical path lengths of 

the rays internal to the lens can be determined (Acosta et al., 2005). The mathematical 

relationship that exists between the deflection angles (α) of a collection of parallel rays and the 

optical path length through the lens can be expressed as Eq. B2: 

 𝑆(𝐴𝐷) = �̃�(𝐴𝐷) + 𝐾 Eq. A2 

 

where �̃�(𝐴𝐷) =  𝑛𝑒𝑥𝑡 ∫ sin 𝛼(𝑥, 𝑡) 𝑑𝑥
𝑥

0
 and K is an unknown constant (also known as a piston) 

that can be mathematically represented by 𝐾 = 𝑆(𝐴0𝐷0) and was used to describe the optical 

path lengths through the optical axis (Figure B-1). 

The optical path for each ray inside the lens can then be obtained by subtracting the external 

paths to the lens and expressed as Eq. B3: 

 
�̃�(𝐵𝐶) = �̃�(𝐴𝐷) −  𝑛𝑒𝑥𝑡(𝐴𝐵 +  𝐶𝐷) = ∫ 𝑛(𝑥, 𝑧)𝑑𝑠 − 𝐾

𝐶

𝐵

 Eq. B3 

 

Furthermore, with the assumption that the lens has a rotationally symmetrical GRIN 

distribution around the optical axis z, the GRIN can be described as below (Blaker, 1980; 

Moore, 1971; Smith et al., 1991): 

 

𝑛(𝑟, 𝑧) = ∑ 𝑛𝑖(𝑧)𝑟2𝑖

𝑀

𝑖=0

 Eq. B4 

where 

 

𝑛𝑖(𝑧) = ∑ 𝑛𝑖𝑗𝑧𝑗

2(𝑀−𝑖)

𝑗=0

 Eq. B5 

In addition, since the analysis of the GRIN is in 2D and all calculations are performed at the 

plane Y = 0, r = x. 

Thus, the experimental OPLs inside the lens can then be expressed as Eq. B6: 
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�̃�(𝐵𝐶) = ∑ ∑ ∫ 𝑛𝑖𝑗𝑥
2𝑖

𝐶𝑝𝑟

𝐵𝑝𝑟

2(𝑀−𝑖)

𝑗=0

𝑀

𝑖=0

𝑧𝑗𝑑𝑠𝑝𝑟 − 𝐾𝑃 Eq. B6 

 

The least-squares solution for Eq. B6 can then be found by minimizing (Vazquez et al., 2006): 

 

∑ ∑ [(∑ ∑ ∫ 𝑛𝑖𝑗𝑥2𝑖
𝐶𝑝𝑟

𝐵𝑝𝑟

2(𝑀−𝑖)

𝑗=0

𝑀

𝑖=0

𝑧𝑗𝑑𝑠𝑝𝑟 − 𝐾𝑃) − �̃�(𝐵𝑝𝑟𝐶𝑝𝑟)]

𝑁𝑝

𝑖=1

𝑃

𝑝=1

2

 Eq. B7 

 

where P is the total number of projections, Np is the number of rays per projection, M defines 

the number of coefficients in the model, Bpr is the 2D point of intersection between the 

incoming ray and the front surface of the lens, Cpr is the 2D point of intersection between the 

outgoing ray and the back surface of the lens, and �̃�(BprCpr) represents the theoretical path 

length of a ray through the gradient lens. The optimal GRIN coefficients, nij, and the piston 

values Kp can be obtained. 

To achieve this minimization in practice and obtained an accurate estimation of the lens GRIN, 

Vazquez et al. (2006) utilized an iterative computation process as shown in Figure B-2. Since 

the input values �̃�(𝐵𝐶) for this tomographic based algorithm are defined as line integrals along 

the trajectory of the rays, approximations to the ray paths have to be as accurate as possible. 

This was achieved by starting the algorithm with an initial guess of the refractive index 

distribution, described by a set of model polynomial coefficients. A further refinement of the 

ray trajectories is carried out by using the Sharma et al. algorithm (1982) to determine 

intermediate points of the ray path, such that each ray path is approximated by several straight 

joined segments. Hence, the coefficients and corresponding GRIN estimations can be 

iteratively improved by using the previous set of GRIN coefficients and incremental steps as 

calculated by Sharma ray tracing algorithm. On this basis, Vazquez et al. (2006) proposed an 

iterative procedure, such that at each iteration the number of intermediate points increased until 

the root mean square (rms) error of the difference between the values of the GRIN distribution 

found at two consecutive iterations either converges, or reaches a convergence tolerance. The 

iterative process then stops, and the algorithms carries out a validation process by tracing a 

subset of rays through the lens, and examines how accurately the retrieved GRIN reproduces 
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the experimental optical data. The monopolynomial gradient index n(x,z) of the lens can then 

be retrieved.  

 

Figure B-2: Iterative computer algorithm used to retrieve the GRIN from the bovine lens. The flow chart of 

shows the original tomographic based iterative algorithm for the monopolynomial reconstruction of the gradient 

index. Image taken from (Vazquez et al., 2006). 

While computer simulations predict that the parameters of the model can be obtained with high 

accuracy even with simulated experimental noise (Acosta et al., 2005; Vazquez et al., 2006), 

the retrieval of the GRIN is ultimately limited by the ill-conditioned nature of the problem. In 

other words, the solution is highly sensitive to the experimental errors inherent in the ray 

trajectories, and these errors lead to a derivation of the solution which produces optical outputs 

that are not always physiologically and optically relevant.  

To overcome this ill-conditioned problem, Qiu et al. (2017) proposed a new iterative process 

that was based upon the previously proposed tomographic-based algorithm (Acosta et al., 2005; 

Vazquez et al., 2006), but with modifications that were used to improve the performance of the 
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existing algorithms to retrieve lens GRIN profile faster and accurately. In this new algorithm, 

three physiologically relevant GRIN constraints were selected to mathematically restrict the 

solution search space so that the solutions were physiological and optical relevant, without 

selecting absolute values for RI that would exclude potential correct solutions. The applied 

constraints included both domain constraints and boundary conditions shown in Figure B-3.  

The first and primary constraint used in the algorithm was a domain constraint in which the 

values of RI decreased from the core to the surface along both the optical and equatorial axes 

to mimic the anatomy of the fibre cell layers. A mathematical representation of this constraint 

in the equatorial X direction was 
∂2n 

∂X2 < 0, and in the optical Z axis was 
∂2n 

∂Z2 < 0, which together 

mathematically forced the profile of the refractive index distribution n to be concave down 

without assuming a specific location of the maximal RI (Figure B-3, A, D).  

The second constraint was a boundary constraint, which ensured that the lens capsule and 

surrounding outer fibre cells have a similar water/protein ratio and thus a similar refractive 

property. This was achieved by restricting the refractive index values at the lens surface cells 

such that the differences in RI between adjacent points around the boundary were smaller than 

an arbitrary value, which was set to be 0.005 (Figure B-3, B, E).  

The third constraint was used to limit the maximum and minimum allowance for the lens RI, 

which had previously been founded be approximately 1.45 and 1.36 in a bovine lens, 

respectively (Pierscionek & Weale, 1995; Vaghefi et al., 2015). Thus, the maximum and 

minimum index allowable within the lens domain was set to be 1.34 < n < 1.47 (Figure B-3, 

C, F). This constrain was dropped if the previous two constraints were sufficient to retrieve 

GRIN values within a physiologically acceptable range. 
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Figure B-3: Visual illustration of the three constraints applied to limit the solution space and retrieve a 

biological relevant GRIN profile. (A), (B), and (C) show the three constraints. (D) The unconstrained solution 

from a bovine lens. (E) Retrieved RI distribution with constraint (1) and (2). (F) Solution with constraints (1), (2) 

and (3) applied. Image adapted from (Qiu et al., 2017). 
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In addition, an objective ray exclusion algorithm was used to further reduce the ill-condition 

problems associating with retrieving the GRIN profile (Qiu et al., 2017). This ray deletion 

process removed the rays with the largest residual error to retrieve a more accurate 

measurement of the GRIN profile (GRIN check). The GRIN retrieving algorithm would then 

iterate again until the difference in residual vector between two iterations was within a certain 

arbitrary range which was set to be smaller than 1*10−5. It has been shown that removing only 

1% of rays from the dataset improved the results of the residual values by approximately 10-

fold, suggesting that the significant effect of experimental errors on the calculation of lens 

GRIN profile with ill-conditioned problems (Qiu et al., 2017).  

By using the iterative algorithm developed by Qiu et al. (2017) demonstrated that the current 

LRT system was able to retrieve physiologically valid GRIN distributions. In their experiment, 

ex vivo bovine lenses incubated in iso-AAH were imaged and their GRIN profiles were 

retrieved. The results not only showed a high reproducibility in the RI measurement with a 

maximum SD of 0.01, but also a good comparability with previously published LRT and MRI 

data (Pierscionek & Augusteyn, 1992; Vaghefi et al., 2015). 

The primary limitation of the current GRIN retrieval algorithm is that it requires some 

knowledge of the refractive index distribution of the tissue in order to set the physiological 

relevant constraints that limit the solution search space. It also assumes a rotationally 

symmetric GRIN profile about the lens optical axis. Because of the number of rays and 

projection angles required to retrieve an accurate GRIN profile, the current scanning time was 

approximately one hour. In vivo experiment using this application is not practical at the current 

stage due to the involvement of espousing and imaging living eye with laser. 
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