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Abstract

The vertebrate crystalline lens is a highly specialized, avascular, and transparent structure
whose primary function is to change shape to refract incident light onto the retina. With
increasing age, however, the lens undergoes progressive compaction of the fiber cells and
crosslinking of the structural proteins, causing it to lose its elasticity. This age-dependent
decline in lens ability to change shape is called presbyopia, an ocular condition affecting
approximately 2 billion people worldwide. The lens of the eye relies on a specialized
microcirculatory system (MCS) to maintain transparency, nutrient supply, and volume
homeostasis in the absence of a blood supply. Given that the MCS plays an essential role in
volume homeostasis and there is an age-related decline in the function of MCS, modulating
the components of the MCS with agonists and antagonists offers a powerful approach to
understanding the precise mechanism of presbyopia and identifying novel therapeutic targets
for presbyopia. Using chickens, which can deform their lenses to induce shape changes and

naturally develop age-related presbyopia, this study investigated the following objectives:

1. To determine the effect of modulators of aquaporin 0 (AQPO0) and sodium-potassium

ATPase (NKA) pumps on the lens biomechanics.

2. To determine whether TRPV1 and TRPV4 are present in the chicken crystalline lens

and how modulating them affects lens biomechanics and protein expression.

3. To determine the temperature-dependent role of the lens microcirculatory system

(MCS) in regulating lens biomechanics.



We found that the chicken model is a robust model for investigating lens biomechanical
regulation by the MCS. At room temperature, modulating AQPO, water channels altered
lens hydrostatic pressure, whereas NKA modulation affected biomechanics only when ionic
or volume homeostasis was disturbed. Western blot analysis confirmed the presence of
protein expression of both mechanosensitive TRPV1 and TRPV4 channels in chicken
lens tissue, mirroring mammalian expression patterns. TRPV4 modulation altered lens
biomechanics exclusively at the physiological temperatures, whereas AQP0 and NKA
modulation produced no biomechanical effect at the physiological temperature, highlighting

temperature-dependent regulation of the lens microcirculatory system.
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Chapter 1

Introduction

The crystalline lens is a biconvex transparent structure that is suspended in the eye’s
posterior chamber by zonular fibres, which are in turn attached to the ciliary body
[Ruan et al., 2020, von Helmholtz, 1925]. When the ciliary body contracts, the zonules that
hold the lens taut relax, causing the lens to become rounder and thicker; this process, called
accommodation, increases the lens’s optical power, allowing near objects to be focused
on the retina [von Helmholtz, 1925]. The lens is made of cuboidal epithelial cells at the
anterior surface, while the rest of the lens consists of lens fibre cells. The lens capsule, the
basement membrane of the epithelial cells, surrounds the entire lens. The fibre cells are
arranged into shells or cortices, resembling the layers of an onion. The oldest fibres, found
at the centre of the lens, comprise the nucleus. The lens grows throughout life, producing
new lens fibres from the subcapsular epithelial cells at the equator. These new fibres are
added to the pre-existing lens cortex [Beebe et al., 1982]. Avascularity and a tight, regular

arrangement of lens fibres maintain lens transparency [Duncan and Croghan, 1969] and
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enable the lens to transmit light up to 1200 nm [Artigas et al., 2012, Ruan et al., 2020].
In addition, the lens requires specialized transport channels or a microcirculatory system
(MCS; [Beebe, 2008, Donaldson et al., 2001, Mathias et al., 1997]) to support transparency,
maintain the required constant volume, and supply nutrients to the lens fibres. The MCS con-
sists of the Na®™ /K*-ATPase pump (NKA; [Donaldson et al., 2010, Mathias and Rae, 2004,
Mathias et al., 1997]), aquaporins (AQPs; [Varadaraj et al., 2005]), gap junctions (GJs;
[Donaldson et al., 2001, Donaldson et al., 2010, Vaghefi and Donaldson, 2018]), and tran-
sient receptor potential channels of the vanilloid isoform (TRPV; [Nakazawa et al., 2019,
Vaghefi and Donaldson, 2018]). Additionally, sodium-potassium-chloride cotransporter
1 (NKCC1; [Giannone et al., 2021, Shahidullah et al., 2020]), transient receptor potential
melastatin 3 (TRPM3; [Bennett et al., 2014, Zhou et al., 2024]), and Piezol, a mechanosen-
sitive ion channel [Gao et al., 2025], also play a significant role in maintaining osmotic and

hydrostatic balance in the lens by regulating ion and water transport.

With increasing age, there is a gradual loss in the ability to accommodate. This reduction
in the ability causes presbyopia, and it affects approximately 1.8 billion people over the age
of 40 [Holden et al., 2008, Fricke et al., 2018]. At present, there is no physiological solution
to permanently restore accommodation; management of presbyopia is limited to optical and
surgical aids. Uncorrected or under-corrected presbyopia can lead to productivity losses in
the working population. The economic burden has been estimated to be US $11.023 billion
for every 244 million cases of uncorrected or under-corrected presbyopes < 50 years of age
in North America [Frick et al., 2015]. The estimated economic burden is even higher for

lower-income countries [Frick, 2012].

There are many theories about why presbyopia occurs. Most mechanisms point to a loss
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of lens elasticity and/or hardening as the lens ages [Weale, 1962]. The lens changes its shape
and volume during accommodation and is thought to be accompanied by fluid movement
and water redistribution in the lens, facilitated by the MCS [Gerometta and Candia, 2016,
Gerometta et al., 2007]. A recent study reported that the lens redistributes free water in
the anterior region of the lens to aid the shape change during accommodation, and there are
reduced levels of free water in the anterior part of the presbyopic lenses, suggesting a role of
free water and, therefore, fluid dynamics in maintaining accommodation [Lie et al., 2024].
In addition to presbyopia, the aging lens undergoes structural and biochemical changes that
lead to opacities in the lens, known as cataracts [Cheng et al., 2019, Huang et al., 2005,
Kinoshita, 1974, Truscott, 2005]. Cataracts are the most common cause of blindness
worldwide [Delaye and Tardieu, 1983, Harding and van Heyningen, 1987, Lin et al., 2025],

accounting for more than 50% of blindness cases globally [Jiang et al., 2026].

Biochemical changes of the aging lens include protein aggregation and in-
solubility, crystalline oxidation, and covalent cross-linking [Budnar et al., 2022,
Truscott and Friedrich, 2019, Harding, 1973, Spector, 1995]. Moreover, oxidative stres-
sors, including depletion of antioxidants such as glutathione, accumulation of free radicals,
and impaired proteostasis, contribute to the pathogenesis of cataracts [Spector, 1995,
Truscott and Friedrich, 2019, Lou, 2003]. Crystalline proteins and AQPs in the lens un-
dergo age-related modification, including post-translational modification, deamidation,
truncation, and oxidation, that can compromise these structural and functional ca-
pabilities of the lens, ultimately leading to cataract development [Budnar et al., 2022,
Coghlan and Augusteyn, 1977, Grey et al., 2009, Lampi et al., 1998, Schey et al., 2000,

Truscott, 2005, Pierscionek, 2021, Wang et al., 2025]. There is a decrease in protein levels



of connexin46 and connexinb0 and a decrease in the function of TRPV in pressure regulation
with age in lens fibre cells [Gao et al., 2013, Giannone et al., 2021]. Additionally, NKA ac-
tivity has been shown to reduce with age, as determined by reduced ouabain (NKA-inhibitor)
binding sites in aged rodent models [Clausen, 2003, Wyckelsma and McKenna, 2016],
and a similar decline in NKCC protein levels has been observed in human and rat
brain tissues [Dzhala et al., 2005, Gong et al., 2021]. Furthermore, increased sodium
and calcium concentrations have been reported in cortical cataracts, highlighting ionic
dysregulation as a key finding in lenticular aging [Adams, 1929, Duncan et al., 1991,

Truscott and Augusteyn, 1977, Tamiya and Delamere, 2006].

Considering the essential role of the MCS in maintaining lens homeostasis and trans-
parency, the modulation of its components with the help of agonists and antagonists, as
shown in Table 1.1, gives a promising avenue for therapeutic intervention. So, this study

aims to investigate the following:
1. To determine whether modulators of aquaporin 0 (AQPO0) and sodium-potassium
ATPase (NKA) pumps affect the lens biomechanics.

2. To determine whether TRPV1 and TRPV4 are present in the chicken crystalline lens

and how modulating these channels affects lens biomechanics and their protein levels.

3. Given the findings from Chapters 3 and 4, how do modulators of the lens microcircu-

latory system (MCS) affect the lens biomechanics at physiological temperature



Table 1.1: List of agonists and antagonists used to modulate AQPO, NKA pump, TRPV1,
and TRPV4 activity

Channel /target Agonist Antagonist
Aquaporin 0 (AQPO) Zinc Ht31
Sodium—potassium ATPase pump (NKA) Insulin Ouabain
Transient receptor potential vanilloid 1 (TRPV1)  Capsaicin AMG 9810

Transient receptor potential vanilloid 4 (TRPV4)  GSK1016790A RN-1734




Chapter 2

Literature review

2.1 Eye

The eye is a specialized sensory structure that captures light and enables the formation of
visual images. Structural or functional differences across species give rise to visual systems
with markedly diverse perceptual capabilities [Walls, 1942]. Throughout evolutionary
history, this diversity has been shaped by the emergence of multiple eye types, ranging
from simple light-sensitive structures to complex image-forming organs [Darwin, 1859,
Nilsson, 2009]. The basic eye is made up of light-sensitive cells that act as an eyespot and
have a shadow detection and light orientation function; however, these eyes are unable to
create images [Land and Nilsson, 2002, Land and Nilsson, 2012]. Planarians and jellyfish
are examples of organisms with basic eyes that allow them to perceive the direction of light

and respond to their environment [Garm et al., 2011, Inoue et al., 2004]. Pinhole eyes are



a form of the eye seen in some mollusks, such as nautilus [Teichert and Matsumoto, 2010].
These eyes have a tiny pinhole whose narrow aperture directs light toward the retina and
minimizes the blur circle. Pinhole eyes have high depth of field but very low light sensitivity
[Land and Nilsson, 2012]. Compound eyes are broadly categorized into apposition and
superposition designs. In apposition compound eyes, characteristic of diurnal insects such
as bees, dragonflies, and flies, each ommatidium is optically isolated by proximal receptor
cells surrounded by pigment cells to ensure light reaches only its individual photoreceptor
cells. This individual-optics design provides high spatial resolution in bright habitats. In
contrast, superposition compound eyes, common in nocturnal insects like moths and deep-sea
crustaceans like krill and lobsters, utilize convergent optics, allowing light entering through
multiple lenses to bend across a clear zone and converge distally onto a single underlying
distal receptor cell [Land and Nilsson, 2012]. This configuration prioritizes high sensitivity
in dim environments. Despite these contrasting optical strategies, both compound eye
systems share exceptional temporal resolution and the capacity for rapid motion detection
across a panoramic field of view [Ball, 1977, Land and Nilsson, 2012]. Alternatively, a
camera eye is an optical system consisting of a single chamber in which incoming light passes
through a central aperture (pupil) and is focused by a primary refractive lens or a reflective
mirror array onto the retina [Land and Fernald, 1992]. Reflective camera eyes use concave
arrays of guanine crystal mirrors instead of a primary refractive lens to focus light, as seen in
scallops. Refractive camera eyes rely on a single lens (and often a cornea) to focus light beams
directly onto the photoreceptors of the retina, a system found in both vertebrates (such
as humans, birds, and fish) and cephalopods like octopuses [Young, 1801, Helmholtz, 1855,

Land and Fernald, 1992]. However, focusing strategies vary significantly across species;



while humans, birds, and ungulates like cows dynamically reshape a flexible lens, teleost
fish and cephalopods translate a rigid spherical lens axially, and small rodents like mice
possess a large, rigid lens with negligible accommodative capability [Helmholtz, 1855,
Land and Fernald, 1992, Land and Nilsson, 2012]. Among these refractive camera systems,

the human eye represents a refined model of single-lens optical design.

The intricate architecture of the human eye is established during early development,
commencing around the third week of embryonic life with the appearance of the optic sulcus
on the lateral side of the diencephalon. This sulcus evaginates from the neuroectoderm to
form the optic vesicle [His, 1880, O’Rahilly, 1975]. Contact of the optic vesicle with the
overlying surface ectoderm reciprocally induces the invagination of the surface ectoderm
to form the lens placode [Lewis, 1904]. Simultaneously, the optic vesicle invaginates to
form a double-layer optic cup. The outer layer of the optic cup accumulates melanin to
become retinal pigment epithelium (RPE). Retinal progenitor cells (RPCs) proliferate
within the inner layer of the optic cup. These RPCs first differentiate into retinal ganglion
cells (RGCs), horizontal cells, and cone photoreceptor cells, followed by a second generation
of amacrine and bipolar cells, and the last wave of rod photoreceptors and Miiller glial
cells [Ramén y Cajal, 1972]. Concurrently, the anterior rim of the optic cup gives rise to
the anterior and posterior pigmented epithelia of the iris, as well as the intrinsic sphincter
and dilator pupillae muscles, whereas the iris stroma of the iris arises from mesenchyme
derived from the neural crest cells. Similarly, the inner layer of the optic cup gives rise to
the inner non-pigmented epithelium of the ciliary body, and the outer pigmented epithelium
is derived from the outer layer of the optic cup. The stroma and muscles of the ciliary body

are developed from neural crest cell-derived mesenchyme [Streeter, 1912].



Concurrently, around the fourth week of development, the ectodermal cells of the induced
lens placode enlarge and begin to invaginate, forming a distinct lens pit. Subsequently, the
lens pit pinches off the surface ectoderm, forming an isolated lens vesicle enclosed within
the optic cup. Cells from the posterior wall of the lens vesicle elongate anteriorly as primary
lens fibres, completely filling the central lumen of the lens vesicle. While the anterior
wall of the lens vesicle remains a quiescent epithelial monolayer, cells at the equatorial
region proliferate and elongate toward both poles to form the secondary lens fibres. These
secondary fibres ultimately meet at the apical and basal ends by specialized junctional
complexes called lens sutures. As these secondary fibres become mature, they undergo
programmed organelle degradation, losing their nuclei and mitochondria, and are filled
with high concentrations of specialized crystalline proteins to establish a highly transparent

gradient refractive index essential for clear vision [Lewis, 1904].

2.2 Crystalline Lens

Once fully matured, the crystalline lens functions as a biconvex macroscopic trans-
parent structure located behind the pupil and iris and in front of the vitreous body
[Helmholtz, 1855]. In the adult human eye, the ciliary body maintains the lens suspended
in the optic pathway by specialized ligaments known as zonular fibres [Zinn, 1755]. Struc-
turally, the lens is enclosed by a thick, elastic basement membrane known as the lens capsule,
which is rich in type IV collagen and laminin [Timpl et al., 1979]. The lens capsule serves
both as a semipermeable diffusion barrier for essential ions and metabolites while also acting

as an anchoring site for the zonules of the lens. Directly beneath the anterior portion of the



lens capsule lies the lens epithelium, a single layer of cuboidal cells. The epithelium of the
lens is a metabolic hub for ion transport, protein synthesis, and initiation of lens fibre cell
differentiation [Bassnett and Beebe, 1992]. Mirroring the cellular patterns established dur-
ing embryogenesis, the adult lens fibres are continuously generated as these epithelial cells
migrate toward the equator, where they differentiate, elongate, and lose their nuclei and cell
organelles, and are filled with crystallin proteins as they move from the equator to the center

of the lens [Kuwabara and Imaizumi, 1974, Kuwabara, 1975, Ramaekers et al., 1981].

This precise anatomical arrangement provides the structural flexibility necessary for
accommodation, a dynamic physiological process in which the lens of the eye alters its
refractive power to maintain a sharp, focused image on the retina as the object dis-
tance varies [Helmholtz, 1855]. Mechanically, this process is achieved by the contraction
of the ciliary sphincter muscles and relaxation of the suspensory zonular fibres; this
biomechanical release allows the inherent elasticity of the capsule to shape the crys-
talline lens, increasing its anterior-posterior thickness and steepening its central curvature
[Helmholtz, 1855, von Helmholtz, 1925]. This adjustment is governed by the parasympa-
thetic division of the autonomic nervous system through a complex reflex arc. The afferent
limb of the accommodation reflex begins with the retina, where photoreceptors transduce
incident photons into electrical signals [von Helmholtz, 1925, Bridgeman and Stark, 1977].
These signals are processed through the retinal inner nuclear layer and transmitted to
the retinal ganglion cells, whose bundled axons exit the globe by the optic nerve, which
further continues through the optic chiasm as the optic tract and projects primarily to the
lateral geniculate nucleus (LGN) of the thalamus [Ramén y Cajal, 1972]. From the lateral

geniculate nucleus, the optic radiation relays visual input to the primary visual cortex,
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where blur detection and disparity cues are processed [Poggio and Fischer, 1977].

Once processed, the outputs from the primary visual cortex project to the visual associa-
tion cortex and ultimately to the supraoculomotor area and pretectal nuclei in the midbrain,
which integrate the information and initiate the motor response [Bender and Shanzer, 1964].
The supraoculomotor area provides direct, bilateral excitatory inputs to the Edinger-
Westphal nucleus of the oculomotor nerve, where preganglionic parasympathetic fibres of
the efferent pathway arise. These first-order neurons travel along the oculomotor nerve to
synapse within the ciliary ganglion. From the ciliary ganglion, postganglionic parasympa-
thetic fibres emerge as the short ciliary nerves to innervate the ciliary muscle, where their
activation induces muscle contraction, zonular relaxation, and immediate lens thickening

for near focus [Warwick, 1954, Westheimer and Blair, 1973].

Beyond lens deformation, accommodation is integrated into a near-response triad
[Donders and Moore, 1864]. This coordinated triad consists of lens accommodation, binoc-
ular convergence, and pupillary constriction. Convergence is mediated by coordinated
contraction of the medial rectus muscles, ensuring that both visual axes intersect at
the near target, thereby minimizing binocular disparity across the foveae (central retinas)
[Bridgeman and Stark, 1977, Duane, 1897]. Simultaneously, pupillary constriction is driven
by parasympathetic activation of the sphincter pupillae muscle, which narrows the pupillary
aperture to reduce peripheral blur circles and increases the eye’s depth of focus, thereby
improving retinal image quality [Helmholtz, 1855, Westheimer, 1964]. Biophysically, the
crystalline lens itself behaves like a highly specialized viscoelastic structure during these
rapid deformations due to the presence of internal fibre cell architecture and crystalline-rich

cytoplasm, along with external mechanisms generated by the ciliary muscles and zonules
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[Fisher, 1971].

2.2.1 Crystallins

The fundamental prerequisite for both the lens’s physical elasticity and optical clarity is
the intracellular composition of its structural units, which maintain long-term transparency
and a high refractive index due to the presence of abundant water-soluble crystalline
proteins [Benedek, 1971]. Crystallins make up more than 90% of the total lens protein
content within the lens matrix, being expressed predominantly within the lens and also
in the corneal epithelium, retina, heart and spleen [Bloemendal, 1977, Deretic et al., 1994,
Srinivasan et al., 1992]. Within the mature lens, crystallins are densely packed inside highly
elongated, organelle-free fibre cells, creating a highly ordered, homogeneous optical medium
that exhibits minimal light scattering [Delaye and Tardieu, 1983]. Remarkably, despite
the complete absence of intracellular organelles or protein turnover within the mature,
differentiated fibre cells, these crystallins remain fully soluble and non-aggregated over many
decades of life [Bloemendal, 1977]. However, lifelong retention of crystalline proteins without
protein turnover makes them vulnerable to irreversible post-translational modifications
like deamidation, oxidation, truncation, and glycation. Over time, these modifications
alter protein structure and solubility, ultimately driving the formation of light-scattering

macromolecular aggregates directly linked to senile cataractogenesis [Truscott, 2005].

The human lens expresses three major classes of crystallins: a-, -, 7- Crystallins
[Wistow and Piatigorsky, 1988b]. The a- crystallins (CRYA) structurally belong to the

small heat shock protein superfamily and act as ATP-independent molecular chaperones
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within the vertebrate lens; they bind exposed hydrophobic regions of unfolding proteins to
prevent non-specific aggregation and oxidative stress. The acA-crystallin subunit (CRYAA) is
highly abundant throughout the lens epithelium and outer cortex, whereas the aB-crystallin
subunit (CRYAB) is highly concentrated within the fibre cells, contributing structural stabil-
ity and cellular stress resilience. Additionally, a-crystallins stabilize the lenticular cytoskele-
ton by interacting with intermediate filaments [Ingolia and Craig, 1982, Horwitz, 1992].
The - crystallins represent the largest and most diverse crystallins in the lens and consist
of SA1-A4 and $B1-B3 subunits. They form hetero-oligomeric complexes in the lens
cortex and finely tune the gradient refractive index by their ability to assemble into dimers,
tetramers, and higher-order oligomers. The (- crystallins are synthesized predominantly
in the differentiating outer fibre cells and remain concentrated throughout the cortex
[Lampi et al., 1998]. Lastly, the v- crystallins exist as highly stable monomeric structural
proteins found abundantly in the lens nucleus. The compact monomeric configuration
of v- crystallins allows extremely compact packing, establishing the elevated refractive
index of the central nucleus while ensuring long-term structural stability with minimal light

scattering [Wistow and Piatigorsky, 1988b].

The spatial distribution, specialized amino acid composition characterized by a high
density of polar and sulfur-containing residues, and unique packing of these crystallins
within the fibre cell layers give the lens its unique optical properties, known as gradient
refractive index (GRIN). This spatial gradient is generated by the differential regional
distribution of crystalline proteins, progressive fibre cell compaction, and localized vari-
ation in relative water content in the lens. Functionally, the GRIN profile allows the

lens to refract and bend incident light beams smoothly and continuously throughout its
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internal volume, rather than refracting light exclusively at its outer surfaces, thereby
enhancing the eye’s refractive power [Pierscionek and Regini, 2012]. Optically, the GRIN
profile increases from the refractive index of approximately 1.36-1.38 within the outer
superficial cortex to a maximum peak of approximately 1.40-1.41 within the dense central
nucleus [Pierscionek and Chan, 1989, Pierscionek and Regini, 2012]. In a homogeneous
lens, lacking a GRIN profile, peripheral rays would undergo stronger refraction and fo-
cus at shorter focal lengths than central rays, producing a positive spherical aberration
[Campbell and Gubisch, 1966, Brown, 1974]. However, the natural GRIN profile of the
crystalline lens counters this distortion because the refractive index is highest at the central
nucleus and decreases smoothly toward the cortex. Consequently, central rays passing
through the dense nucleus are refracted more strongly relative to peripheral rays, reducing
spherical aberration and delivering a sharply focused image onto the retinal photoreceptors

[Sivak and Kreuzer, 1983, Pierscionek and Chan, 1989].

2.2.2 Microcirculatory System of the Lens

Avascularity and a tight, regular arrangement of lens fibres maintain lens trans-
parency [Duncan and Croghan, 1969] and allow the lens to transmit light up to a wave-
length of 1200 nm [Artigas et al., 2012, Ruan et al., 2020]. In addition, the lens re-
quires specialized transport channels or a microcirculatory system (MCS; [Beebe, 2008,
Donaldson et al., 2001, Mathias et al., 1997]) to support transparency, maintain a con-
stant required volume, and supply nutrients to the lens fibres. The MCS consists

of the Na®/K*-ATPase pump (NKA; [Donaldson et al., 2010, Mathias and Rae, 2004,
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Mathias et al., 1997]), aquaporins (AQPs; [Varadaraj et al., 2005]), gap junctions (GJs;
[Donaldson et al., 2001, Donaldson et al., 2010, Vaghefi and Donaldson, 2018]), and tran-
sient receptor potential channels of the vanilloid isoform (TRPVs; [Nakazawa et al., 2019,
Vaghefi and Donaldson, 2018]). Additionally, sodium-potassium-chloride cotransporter
1 (NKCC1; [Giannone et al., 2021, Shahidullah et al., 2020]), transient receptor potential
melastatin 3 (TRPM3; [Bennett et al., 2014, Zhou et al., 2024]), and Piezol, a mechanosen-
sitive ion channel [Gao et al., 2025], also play a significant role in maintaining osmotic and

hydrostatic balance in the lens by regulating ion and water transport.

NKA is a transmembrane enzyme that regulates the concentrations of sodium and
potassium ions across the cell membrane [Fedosova et al., 2021, SKOU, 1957]. It trans-
ports sodium ions out of the cell against their electrochemical gradient. This movement
of sodium ions out of the cell is coupled with the intake of potassium ions, typically in
a ratio where three sodium ions are expelled for every two potassium ions brought into
the cell [Glynn, 1957, Sweadner and Goldin, 1980, Wallick et al., 1979]. NKA consists of
catalytic @ and noncatalytic 5 subunits [Shull et al., 1986]. The « subunit has a molecular
weight of approximately 110 kDa with 4 isoforms. The structure of NKA consists of
10 transmembrane spans, 5 extracellular loops, 4 intracellular loops, and cytoplasmic N-
and C-termini [Morth et al., 2007]. The § subunit is smaller, with a variable molecular
weight of 35-55 kDa and 3 isoforms. The structure of the § subunit consists of a single
transmembrane segment, a longer extracellular C-terminus, and a shorter cytoplasmic
N-terminus [Geering, 2001, Kaplan, 2002]. The N-terminus of the a subunit provides a
site for sodium translocation [SKOU, 1957, Wang et al., 1996, Zaytseva et al., 2024]. The

[ subunit does not have any catalytic role but participates in the proper folding of the
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a subunit and helps in the successful translocation of the a subunit to the plasma mem-
brane [DeTomaso et al., 1994, Hilbers et al., 2016, Clausen et al., 2017]. There are species-
specific and tissue-specific distributions of NKA isoforms [Delamere and Tamiya, 2004,
Fambrough et al., 1994, Geering, 2001]. NKA is distributed both in fibre cells and the ep-
ithelium of the lens; however, its activity is substantially higher in the epithelium compared
to the fibre cells, with maximal activity at the equatorial epithelium compared to the
anterior pole [Delamere and Dean, 1993, Garner and Kong, 1999, Unakar and Tsui, 1980].
NKA maintains the sodium and potassium ion concentrations and cellular osmolarity in the
lens; dysfunction of the NKA can lead to lens opacification [Delamere and Tamiya, 2009].
NKA is also associated with cell differentiation from equatorial epithelial cells to fi-
bre cells by providing potassium ions for the elongation of the cells [Beebe et al., 1982,
Parmelee and Beebe, 1988]. Sodium concentrations increase in aged lenses and can lead to
cataractogenesis due to a decrease in the activity of NKA to hydrolyze ATP and transport

ions [Delamere and Tamiya, 2004, Duncan and Bushell, 1975, Takemoto et al., 1982].

The cation-chloride cotransporters represent an important family of membrane trans-
port proteins [Gamba et al., 1994, Hartmann et al., 2014] that play an essential role in
various physiological processes, such as regulating cell volume, transepithelial transport,
and modulation of neuronal excitability [Hebert et al., 2004]. These channels mediate the
electroneutral movement of chloride ions alongside sodium and potassium ions across the
plasma membrane of both epithelial and neuronal cells [Crewther et al., 2008, Russell, 2000].
Members of this family include the sodium-potassium-chloride cotransporter (NKCC;
[Delamere and Shahidullah, 2021, Russell, 2000]). NKCC is expressed in two isoforms
in the body: NKCC1 and NKCC2. NKCC2 is exclusively present in the kidney and
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not found in the lens [Nielsen et al., 1998, Chee et al., 2010], while NKCC1 is widely dis-
tributed in the body as well as in the epithelium of the human, rabbit, and rat lenses
[Lauf et al., 2008, Alvarez et al., 2001, Chee et al., 2010]. NKCCI1 has a role in maintaining
lens ionic homeostasis and transparency [Chee et al., 2010, Mandal et al., 2018]. The struc-
ture of NKCC1 consists of 12 transmembrane helices with 1205 amino acids and cytoplasmic
N- and C-domains. The N-terminus contains key threonine residues that serve as regulatory
phosphorylation sites. Phosphorylation of these sites activates the cotransporter and is gov-
erned by a well-established kinase cascade involving with-no-lysine (WNK), serine/threonine
protein kinase STE20-related proline-alanine-rich kinase (SPAK), and oxidative stress
response 1 (OSR1) [Dowd and Forbush, 2003, Piechotta et al., 2002, Vitari et al., 2006].
Once the cellular ion levels are maintained, NKCC1 is dephosphorylated by protein phos-
phatase 1 (PP1; [Darman et al., 2001]). NKCC1 also plays a key role in regulating cell
volumes by increasing sodium ion inflow in the lens; it counteracts the shrinkage effect of

the ouabain-sensitive NKA pump [Geck et al., 1980].

Transient receptor potential (TRP) channels are members of the specialized receptors
that respond to a wide range of physical and chemical stimuli [Montell and Rubin, 1989].
TRP channels have a tetrameric structure with six transmembrane helices and
cytoplasmic C- and N-ends [Clapham, 2003, Delamere et al., 2020, Liao et al., 2013,
Liedtke and Heller, 2007, Zhang et al., 2023]. Around 7 subfamilies of TRP channels have
been identified [Clapham, 2003, Zhang et al., 2023]. However, in various species, including
humans, the lens only expresses two members of the TRP subfamily: transient receptor po-
tential vanilloid (TRPV1 and TRPV4; [Mandal et al., 2018, Shahidullah et al., 2012b]) and

transient receptor potential melastatin (TRPM3; [Bennett et al., 2014, Clapham, 2003]).
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TRPV1 is a non-selective cation channel composed of 839 amino acids and plays a role in
thermoregulation in skin [Caterina et al., 1997, Tominaga et al., 1998]. It has been shown
that in porcine and human lenses, TRPV1 is only expressed in the epithelial cells; TRPV1
is activated in response to a hyperosmotic challenge and leads to a transient increase in the
activity of NKCC1 [Shahidullah et al., 2018, Shahidullah et al., 2020, Mandal et al., 2018].
TRPV4 regulates cell volume in response to various stimuli like temperature, chemicals, and
osmotic and mechanical changes [Clapham, 2003, Liedtke et al., 2000, White et al., 2016].
The TRPV4 structure is composed of 871 amino acids [Garcia-Elias et al., 2014]. In
human skin keratinocyte cell lines exposed to hypo-osmotic stress, TRPV4 regulates
cell volume by enabling the influx of calcium ions, therefore reducing cell swelling
[Becker et al., 2005]. It has also been demonstrated that TRPV4 activates when
there is a hypo-osmotic challenge, which further triggers a transient increase in Na-
K-ATPase activity [Shahidullah et al., 2012a]. It is reported that failure in homeosta-
sis by TRPVs in the lens may lead to cataract formation [Shahidullah et al., 2012a,
Shahidullah et al., 2012b]. TRPMS3 is a heat-sensitive, non-selective cation channel
[Grimm et al., 2003, Vriens et al., 2011], and full-length TRPM3 consists of 1744 amino
acids [Shiels, 2020]. TRPM3 is expressed in lens epithelial cells and indirectly regulates the
NKA by affecting ion homeostasis in the lens by regulating calcium influx. The mutation of
TRPMS3 has been shown to disrupt calcium influx in the lens and lead to cataract formation
[Bennett et al., 2014, Zhou et al., 2024]. In addition to TRP, the mechanosensitive channel
Piezol is expressed in the lens epithelium, where its activation triggers calcium influx
and subsequently stimulates NKA pump activity. Piezol functions as a more sensitive

mechanosensor than TRPV4 [Shahidullah et al., 2022, Gao et al., 2025].
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Aquaporins (AQPs) are membrane-bound water channels that facilitate the rapid and
efficient movement of water [Heymann and Engel, 1999, Preston et al., 1992] and small
molecules such as glycerol, urea, and hydrogen peroxide (HyOj) [Li and Wang, 2014,
Tsukaguchi et al., 1998] across the cell membrane. Thus far, 13 isoforms of the AQPs
have been identified in mammalian cells. AQPs are quite diverse and have been identified
in various tissues of the body [Agre et al., 1993, Schey et al., 2022]. All AQPs have a
similar molecular structure with a single chain of ~260 amino acids, six transmembrane
loops, intracellular N- and C-termini, and two asparagine-proline-alanine (NPA) motifs
[Preston et al., 1993]. Two NPA motifs come together within the channel to form a pore that
is crucial for the movement of water through AQP channels [Murata et al., 2000]. AQPs
are present as a tetramer in the cell membrane [Preston et al., 1993, Verbavatz et al., 1993].
Six isoforms of AQPs are found in the lens: AQP0, AQP1, AQP3, AQP5, AQP7, and AQPS8
(Fig. 2.1) [Gao et al., 2015, Schey et al., 2022, Schey et al., 2017, Petrova et al., 2024].

AQPO, or major intrinsic polypeptide (MIP), is predominantly expressed in the
lens fibre cells and comprises a major proportion (~50%) of the plasma membrane
[Bloemendal et al., 1972, Fitzgerald et al., 1983, Bok et al., 1982]. In cortical fibre cells,
AQPO also has a subcellular distribution; however, during nuclear and organelle degra-
dation in the differentiating fibre cells, AQPO aggregates as a large plaque-like struc-
ture in the cell membrane [Lo et al., 2014, Petrova et al., 2015]. Although AQPO is
a poor water channel [Saboe et al., 2017, Jensen et al., 2008], it is the most preva-
lent aquaporin in the lens and is responsible for 80% of the lens’ water permeabil-
ity [Grey et al., 2009, Varadaraj et al., 2005]. AQPO maintains water homeostasis and

lens transparency, and mutations in AQPO channels lead to cataracts [Berry et al., 2000,
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Ruiz-Ederra and Verkman, 2006, Tang et al., 2021]. Towards the lens cortex, AQPO acts
as a water channel; however, in the lens nucleus, AQPO shows cell adhesion properties,
which are essential to maintain the minimum gap between the lens fibres that contributes to
lens transparency [Kumari and Varadaraj, 2009, Li et al., 2022]. Besides acting as water
channels and cell adhesion molecules, AQPO also plays a role in suture formation and
provides structural support to the lens fibres by interacting with intermediate filaments
[Al-Ghoul et al., 2003, Lindsey Rose et al., 2006]. Phosphorylation of AQPO plays a key
role in regulating its water-channel permeability [Németh-Cahalan and Hall, 2000]. Pro-
tein kinase A (PKA), with the help of the A-kinase anchoring protein-2 (AKAP2), binds
to and phosphorylates AQPO [Gold et al., 2012]. Phosphorylation of AQPO prevents the
interaction between AQPO and calmodulin. Calmodulin binds to the AQPO C-terminal
and reduces the water permeability of the AQPO [Gold et al., 2012, Kreida et al., 2024,
Reichow and Gonen, 2008, Reichow et al., 2013]. Detachment of the PKA from the
AKAP2-AQPO complex is associated with loss of lens transparency [Gold et al., 2012].
Additionally, protein kinase C (PKC)-induced phosphorylation of AQPO at serine 235 facili-
tates its translocation from the cytoplasm to the plasma membrane of the lens epithelial

cells [Golestaneh et al., 2008]

In the lens, AQP1 is expressed only in lens epithelial cells and plays a role in maintaining
lens transparency [Ruiz-Ederra and Verkman, 2006]. There is a change in the distribution
of AQP1 as the lens ages; it is present in the central epithelium of younger lenses and in
the equatorial and central epithelia of older lenses [Lo et al., 2020]. The importance of
AQP1 in maintaining lens transparency and regulating water content is demonstrated by

studies showing that in cataractous lenses, AQP1 protein expression is increased, leading to
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recovery of transparency of the lens [Barandika et al., 2016]. In contrast, AQP1-knockout
mice show lens opacification and loss of epithelial water permeability [Hua et al., 2019,

Ruiz-Ederra and Verkman, 2006].

AQP5 is a membrane protein and contributes to only a small percentage (~0.36%) of
the lens proteins [Schey et al., 2022]. It is primarily detected in the cytoplasm of epithelial
and young cortical-maturing cells; however, in the lens nucleus, its expression is limited to
the cell membrane [Petrova et al., 2015]. In the young cortical fibre cells, autophagy and
mitochondrial markers colocalize with AQP5, suggesting AQP5 insertion into the cell mem-
brane is associated with the autolysosomal pathway [Gletten et al., 2022, Grey et al., 2013].
A recent study reported that AQP5 changes its location according to the mechanical
changes within the lens; specifically, when zonular tension decreases in the lens, AQP5
internalizes from the membrane to the cytoplasm, resulting in reduced water permeabil-
ity of the AQP5 [Petrova et al., 2023]. Phosphorylation is essential in the internalization
of AQP5, as AQP5 contains two consensus protein kinase A /protein kinase G-activated
(PKA/PKG) phosphorylation motifs [Kumari et al., 2012]. AQP5 is highly permeable to
water, with 20 times more water permeability than AQPO and 18.5% water permeability of
lens fibres [Kumari et al., 2012, Petrova et al., 2018, Sindhu Kumari and Varadaraj, 2013,
Tang et al., 2021]. AQP5 functions include regulating osmotic balance and maintaining lens
transparency [Sindhu Kumari and Varadaraj, 2013, Tang et al., 2021]. In addition to its
role in water transport, AQP5 has been found to facilitate transmembrane transport of hydro-
gen peroxide (HyO2) and maintain the redox balance of the lens. Knockout of AQP5 has been
shown to cause a cataractous lens in mice, possibly exacerbated by significant H,O, accu-

mulation in the lens [Sindhu Kumari and Varadaraj, 2013, Varadaraj and Kumari, 2020].
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Figure 2.1: Schematic diagram of functions and location of aquaporins 0, 1, 3, 5 (AQPO,
AQP1, AQP3, AQPS5, respectively).

Three addional AQPs are present in the lens: AQP3 [Petrova et al., 2024], AQP7
[Tran et al., 2013] and AQP8 [Hayashi et al., 2017]. AQP3 exhibits a dual localization
profile: within the cytoplasm of the epithelial cells and outer cortical fibre cells, while
embedded in the membrane of inner cortical and nuclear fibre cells. Functionally, AQP3
facilitates the transmembrane transport of water, glycerol, and HyO,, with a cellular location
and water permeability profile comparable to AQP5 [Petrova et al., 2024]. Both AQP7
and AQPS8 are expressed in the lens epithelial cells [Tran et al., 2013, Hayashi et al., 2017].
Although the precise role of AQP7 in the lens is not well-known, it can transport glycerol,
water, and urea in male and female reproductive organs, kidneys, brain, skeletal muscles,
heart, and intestines [Ishibashi et al., 1997a, Sohara et al., 2009]. AQPS is also expressed
in several body systems, such as the urinary, digestive, respiratory, and male reproductive

systems [Ishibashi et al., 1997b, Takata et al., 2004]. AQPS8 acts as a peroxiporin, which

22



allows the transport of HyOy and urea across the cell membrane [Bienert et al., 2007,
Ma et al., 1997]. AQPS8 has been shown to prevent HyO, toxicity and maintain lens

transparency [Kriiger et al., 2021, Varadaraj and Kumari, 2020].

Gap junctions (GJs) are specialized intercellular connections that facilitate the direct
communication between the cytoplasm of neighboring cells [Revel and Karnovsky, 1967].
In vertebrates, GJs consist of integral proteins called connexins, and each connexin has
four transmembrane domains, two extracellular loops, and cytoplasmic N and C ter-
mini [Evans and Martin, 2002]. A single connexin unit located on one plasma membrane
of a cell is termed a connexin; multiple connexins oligomerize to form a connexon or
hemichannel. Adjacent connexons from neighboring cells align to form a complete GJ
[Jagielnicki et al., 2024, Revel and Karnovsky, 1967]. GJs have been shown to play an essen-
tial role in the MCS, maintaining intercellular fluid flow in the lens and providing metabolic
and ionic balance between the lenticular cells [Gao et al., 2011, Goodenough, 1979]. GJs
play an essential role in maintaining the hydrostatic pressure and the transparency of
the lens [Gao et al., 2011, Mathias et al., 2007]. In the mammalian lens, three connexin
(Cx) proteins are present (Fig. 2.2): connexin 43 (Cx43), connexin 46 (Cx46), and
connexin 50 (Cx50). Cx43 is present in the epithelial cells and in newly differentiat-
ing fibre cells, where it maintains epithelial cell-cell communication. Cx46 connects
cortical differentiating cells, and Cx50 is present in both lens epithelial and fibre cells
[Berthoud and Ngezahayo, 2017, Gao et al., 2011, Mathias et al., 2007, Paul et al., 1991].
Cx50 plays an essential role in lens development, including lens fibre differentiation and
elongation [DeRosa et al., 2005, Xia et al., 2006]. Knockout of Cx50 molecules results in

impaired lens development [Goodenough and Paul, 2003, White et al., 1998]. Additionally,
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Cx50 has cell adhesion properties, and it is the only connexin in the lens that interacts with
AQPO. The adhesion properties of Cx50 are crucial for epithelial-to-fibre cell differentiation;
mutation of the second extracellular loop on the Cx50 molecule disrupts the differentiation
process [Hu et al., 2017]. Studies have shown that mutation of Cx46 and Cx50 is associated
with congenital cataract formation [DeRosa et al., 2005, Thomas et al., 2008]. Cx46 is
essential for maintaining calcium balance in the lens. Disruption of these junctions leads to
calcium accumulation, activating lens-specific calpain (Lp82), a calcium-activated protease,
and triggering « crystallin cleavage and aggregation, ultimately resulting in cataract for-
mation [Baruch et al., 2001, Gong et al., 1997]. Berthoud and Ngezahayo (2017) reported
that Cx43 downregulation does not significantly impact lens function and clarity because
of the lens’s compensatory mechanism by other connexins to maintain lens gap junction

communication [Berthoud and Ngezahayo, 2017].
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Figure 2.2: Schematic diagram of functions and location of connexins 43, 46, 50 (Cx43,
Cx46, Cx50 respectively).

2.2.3 Fluid Flow Theory

The ionic current radiator model (Fig. 2.3) for bringing ions to the center of the
lens involves sodium ions entering the lens at the anterior and posterior sutures.
These ions are taken up by the lens fibre cells in the cortex through simple diffusion
[Donaldson et al., 2001, Mathias et al., 1997, Donaldson et al., 2017]. Once inside, they
are further circulated within the lens fibres by Cx46 and Cx50 gap junction channels

towards the lens equator, where they are actively transported out of the lens by the
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NKA pumps concentrated at the equator [Donaldson et al., 2010, Donaldson et al., 2001].
The active pumping of sodium ions at the equator creates an osmotic gradient and fa-
cilitates an isotonic flow of water and other nutrients through the lens, aided by AQPs

[Donaldson et al., 2001, Gao et al., 2015].

AQPO mediates the influx of water in the lens fibre cells [Schey et al., 2017], AQP1,
which is located on the lens epithelium, regulates the outflow of the water from the lens
[Ruiz-Ederra and Verkman, 2006], and AQP5, a regulated water channel that is present in
both the lens epithelium and fibre cells, regulates both the influx and efflux of the water in the
lens [Petrova et al., 2023]. There is a large hydrostatic pressure (HP) gradient in the lens; in
the surface cells, the HP is 0 mmHg; however, in the central lens fibre cells, it is approximately
340 mmHg [Gao et al., 2011, Gao et al., 2015]. To maintain this HP gradient homeostasis,
surface-localized TRPV1 and TRPV4 channels act as key sensors monitoring local pressure
and osmolarity changes, providing a feedback mechanism to regulate ion transport and fluid
movement. When there is an increase in the surface HP (> 0 mmHg), TRPV4 on the lens
surface senses this change and activates a cascade of transporters, which in turn stimulates
NKA. The result is a transient increase in the pumping of sodium at the equator. Due to
sodium pumping from the lens, intracellular osmolarity decreases, which further increases
water outflow and restores the surface HP to 0 mmHg. In contrast, if the surface HP
decreases (< 0 mmHg), TRPV1 is activated, which further activates NKCC1. The activation
of NKCC1 increases the influx of sodium, potassium, and chloride ions, which further
increases intracellular osmolarity and decreases water outflow, bringing the surface HP back

to normal to 0 mmHg [Delamere et al., 2020, Gao et al., 2015, Shahidullah et al., 2020].
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Figure 2.3: (A) Microcirculatory system (MCS) of the crystalline lens showing how ions
and other nutrients enter the lens at the anterior and posterior poles (blue arrows), and exit
the lens at the equator (red arrows). (B) A cross-sectional view at the equator showing the
different components of the MCS regulating the fluid flow in the lens. The upper diagram
shows the transport of sodium ions out of the lens via the sodium-potassium ATPase pumps
at the equator. The bottom diagram shows how water and other nutrients exit the lens
through aquaporins (AQPs) and gap junctions (Cx46 and Cx50) driven by the sodium ion
outflow. DF = differentiating fibres, MF = mature fibres, E = equator. Adapted from
Donaldson et al. (2017) with permission [Donaldson et al., 2017].
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2.3 Modulators of the Microcirculatory System

Although the microcirculatory system (MCS) plays an essential role in regulating lens
hydration and transparency, modulators of MCS have not been systematically explored as
therapeutic targets. Given this gap, exploring modulators of MCS components may offer a

new class of lens-softening interventions.

2.3.1 Modulators of the Sodium-Potassium ATPase Pump

Insulin is a well-known peptide hormone essential for glucose and ion homeostasis across
the plasma membrane and has various other physiological roles in cellular growth and
metabolism [Pirkmajer and Chibalin, 2016, Saltiel and Kahn, 2001]. Insulin facilitates the
movement of sodium ions out of the cells and draws potassium ions into them across various
body tissues [Moore, 1983]. In the corneal endothelium, insulin is also reported to promote
DNA synthesis and cell proliferation [Feldman et al., 1993]. Insulin has been shown to
enhance the activity of Na®/K*-ATPase pump (NKA) in uterine endometrial epithelial
cells [Deachapunya et al., 1999] and corneal endothelial cells [Hatou et al., 2010]. Insulin in-
creases the activity of the NKA by enhancing the phosphorylation of the a;-subunit of NKA
[Sweeney et al., 2001] with the help of protein kinases C and A [Hatou et al., 2010]. This
phosphorylation further elevates the pump’s efficiency to pump ions across the membrane
[Hatou, 2011, Hatou et al., 2010]. Additionally, insulin stabilizes the sodium-potassium
pump on the plasma membrane by preventing its degradation by ubiquitin and autophagy-
lysosomal pathways [Wen and Wan, 2021] and also increases the presence of the «;-subunit

on the cell surface of corneal endothelial cells [Hatou et al., 2010]. Catecholamines, such as
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epinephrine, norepinephrine, and dopamine, can also increase the activity of NKA by activat-
ing ([-adrenergic receptors, increasing cyclic adenosine monophosphate (¢cAMP) and protein
kinase A (PKA) activity. PKA further phosphorylates a;-subunit of NKA, which increases
NKA turnover and transport function [McKenna et al., 2024, Therien and Blostein, 2000].
Some studies suggested that nitric oxide (NO) can enhance NKA activity in skele-
tal muscle through pathways involving protein kinase G and protein kinase A, which
phosphorylate NKA and increase NKA enzymatic activity and membrane localization

[Pirkmajer and Chibalin, 2016].

Ouabain is a cardiac glycoside used to treat various heart conditions, such as congestive
heart failure and tachycardia. It inhibits the sodium-potassium pumps’ ATPase activity
and disturbs the concentration of sodium ions in the lens, leading to cataract formation
[Albal et al., 1987, Bonting et al., 1963, Murphy and Crewther, 2013, Mgller et al., 1990,
Prassas and Diamandis, 2008]. Ouabain binds to the extracellular domain of the « subunit
with a high affinity [Bonting et al., 1963, Cornelius and Mahmmoud, 2009]. The bind-
ing results in conformational changes in the NKA structure and increases the activity
of src kinase, a non-receptor tyrosine kinase, which further activates mitogen-activated
protein kinase (MAPK; [Cornelius and Mahmmoud, 2009, Feldmann et al., 2007]). The
activation of the MAPK leads to internalization of the NKA and thereby reduces its
expression to the plasma membrane [Hodeify et al., 2024]. Ouabain can induce cellu-
lar changes such as cell detachment, swelling, and vacuole formation in the lens fibres
[Pellegrino de Iraldi et al., 2003, Takemoto et al., 1982]. Ouabain has also been shown to
translocate [-catenin, a cell-adhering molecule, to the cell’s nucleus, disrupting cellular ad-

hesion [Contreras et al., 1999]. Furthermore, ouabain increases the aqueous humor outflow
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by inhibiting the sodium-potassium pump activity and changing the cytoskeleton of the
trabecular meshwork [Dismuke et al., 2009]. Thrombin is a serine protease involved in the
process of blood clotting and maintaining homeostasis [Andrews et al., 1997]. Thrombin
has been shown to increase intracellular sodium ion concentration, possibly by inhibit-
ing the activity of NKA in human platelet cells [Borin and Siffert, 1991]. In porcine lens
epithelial cells, thrombin has been shown to reduce the activity of the NKA by binding
to protease-activated receptors (PARs) on the lens epithelial cells. This binding further
activates non-receptor tyrosine kinases and phosphorylates NKA, resulting in a decrease in

NKA pump enzymatic activity [Okafor et al., 1999].

2.3.2 Modulators of the Sodium-Potassium-Chloride Cotrans-

porter

Forskolin is a natural compound derived from a medicinal plant [Chen and Wu, 2023],
and it activates adenylyl cyclase, which in turn catalyzes the conversion of adeno-
sine triphosphate cyclic adenosine monophosphate (cAMP) and leads to increases in
cAMP levels intracellularly. The elevated cAMP levels, in turn, activate protein ki-
nase A (PKA). PKA further phosphorylates two threonine residues on the N-terminus
of the NKCC1 and leads to NKCC1 activation and reabsorption of chloride ions
[Flemmer et al., 2010, Lytle and Forbush, 1992, Lytle and Forbush, 1996]. Additionally,
forskolin has also been shown to increase the protein expression of NKCC1 in intesti-
nal epithelial cells via the cAMP pathway [D’Andrea et al., 1996]. Isoproterenol, a [3-

adrenergic receptor agonist, has been shown to increase potassium uptake by activating
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the NKCCI1 in the skeletal muscles of rats. It binds to -adrenergic receptors on muscle
cells, which activate the mitogen-activated protein kinase/extracellular signal-regulated
kinase (MAPK/ERK) phosphorylation pathway, which is essential for NKCC activation

[Gosmanov and Thomason, 2002].

Bumetanide and furosemide, commonly used as diuretics, are known inhibitors of NKCC
[Crewther et al., 2008, Geck et al., 1980]. They bind to the chloride-binding site on NKCC
by competitive inhibition, and this binding disrupts the reabsorption of the sodium, chloride,
and potassium ions and overall ionic homeostasis [O’Grady et al., 1987]. The inhibition
of NKCC1 by bumetanide prevents the accumulation of chloride ions intracellularly and
reduces neuron excitability [Dzhala et al., 2008]. Furosemide, which has been reported to
be beneficial in hypertension and edema, is also a competitive inhibitor; it acts by decreasing
the NKCC-mediated potassium influx and thereby reducing the intracellular potassium

accumulation [Geck et al., 1980].

2.3.3 Modulators of the Transient Receptor Potentials Vanilloids

Capsaicin is a plant-derived compound that gives chilli peppers their characteristic feeling
of heat and has long been known to act on the TRPV1 receptor [Braga Ferreira et al., 2020,
Caterina et al., 1997]. Application of capsaicin activates TRPV1 by binding to a hy-
drophobic pocket, stabilizes the open state of the TRPV1 channel, and allows for
the influx of calcium ions. This elevation of intracellular calcium activates calcium-
dependent kinases such as PKC, ERK1/2 and WNK, which subsequently phosphory-

late and activate NKCC1, increasing the hydrostatic pressure within the lens (Fig. 2.4)

31



[Shahidullah et al., 2020, Yang and Zheng, 2017]. Magnesium ions and low pH have been
shown to potentiate the activation of the TRPV1 channel by lowering the temper-
ature threshold needed for channel opening [Tominaga et al., 1998, Yang et al., 2014].
A889425 is a synthetic small-molecule drug and competitive antagonist of TRPVI,
which binds to the vanilloid-binding pocket of TRPV1, preventing the conformational
changes required for TRPV1 channel opening and therefore also preventing the calcium
influx and the downstream signaling pathway [McArthur et al., 2019, Zhai et al., 2020].
A889425’s strong antagonist effect has been demonstrated by its ability to eliminate
capsaicin-induced hydrostatic pressure changes in the bovine lens [Chen et al., 2022, as
well as to reduce capsaicin-mediated pain effects from various tissues in animal models

[Mandal et al., 2018, McGaraughty et al., 2008, Shahidullah et al., 2020].
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Figure 2.4: Schematic diagram of the signaling cascade linking TRPV1 activation to
NKCC1-mediated ion and fluid regulation in the lens.

GSK1016790A is a synthetic compound by GlaxoSmithKline and a potent and se-
lective agonist of TRPV4, which causes an influx of calcium into the cell. This cal-
cium influx activates calcium/calmodulin-dependent protein kinase II (CaMKII). Active
CaMKII triggers the opening of pannexin hemichannels by phosphorylation, leading
to ATP release [Mihara et al., 2011]. This released ATP then activates NKA(Fig. 2.5)
[Shahidullah et al., 2012a]. Hypo-osmotic conditions that typically lead to fluid build-

up in the lens can activate mechanosensitive TRPV4 channels, also leading to the re-
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lease of ATP from the lens, in the same manner as with GSK1016790A, i.e., through
increased hemichannel opening. This mechanism is elucidated by a study, using the
hemichannel inhibitors 18 a- glycyrrhetinic acid and probenecid, resulting in suppression
of ATP release [Shahidullah et al., 2012a]. RN-1734 and HC 067047 are selective and syn-
thetic antagonists of TRPV4 channels that prevent the release of ATP from hemichannels,
even in the presence of stimuli like hypo-osmotic stress or agonists like GSK1016790A
[Shahidullah et al., 2012a]. In porcine lens epithelial cells, both RN-1734 and HC 067047
have been shown to prevent TRPV4-mediated ATP release, resulting in reduced NKA
activity [Shahidullah et al., 2012b].
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Figure 2.5: Schematic diagram of the proposed mechanism of TRPV4-mediated sodium-
potassium ATPase (NKA) pump regulation via pannexin-dependent ATP release.
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2.3.4 Modulators of the Transient Receptor Potential Melastatin

3

Pregnenolone sulfate (PregS) is a steroid that directly binds to the extracellular side
of the transient receptor potential melastatin 3 (TRPM3) and induces conformational
changes; TRPM3 channels open, resulting in an increased inflow of calcium ions
[Harteneck, 2013, Wagner et al., 2008]. Activation of TRPM3 and subsequent calcium
entry are associated with the transcriptional upregulation of ion-transport ATPase genes
and regulation of ion and water homeostasis [Zhou et al., 2024]. In skeletal muscle, the
TRPMS3 upregulation is associated with stimulation of the NKA [Léhn and Wirth, 2024];
however, the only report about TRPMS3 in the lens comes from an ARVO abstract, which re-
ported that high temperature activates TRPM3, promoting an influx of calcium that drives
up intracellular cAMP. This TRPM3-mediated cAMP rise decreases active NKA pump
(Fig. 2.6) [Shahidullah et al., 2017]. Another well-known agonist of TRPMS3 is nifedipine, a
calcium channel blocker, which synergistically enhances PregS-induced TRPM3 activation
[Drews et al., 2014]. Additionally, CIM0216, a synthetic agonist of TRPMS3 of high potency
[Held et al., 2015], binds to the extracellular domain of TRPMS3, resulting in conformational
changes in the intracellular domain of the TRPM3, resulting in activation of the TRPM3

channel [Kumar et al., 2026].
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Figure 2.6: Schematic diagram of the proposed mechanism of TRPM3-mediated sodium-

potassium ATPase (NKA) pump regulation via cyclic AMP.

The activation of gamma-aminobutyric acid type B (GABA-B), p-opioid, and neuropep-
tide Y (NPY) receptors, which are G-protein-coupled receptors, triggers the release of
G-protein (7 subunits (Fig. 2.6). These subunits bind to the TRPM3 channel, alter its
structure, and suppress its activity [Badheka et al., 2017, Quallo et al., 2017]. The pore
vestibule of the TRPMS3 is pH-sensitive and acidic pH inhibits the TRPM3 channels both
intracellularly and extracellularly by interacting with amino acid residues located in the

pore vestibule. The binding of protons induces a structural shift in the TRPM3 channel,

reducing conductance and inflow of calcium ions [Hossain Saad et al., 2021].
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2.3.5 Modulators of the Aquaporin 0

Zinc is an essential mineral for human health [Aggett and Comerford, 1995], and its defi-
ciency is associated with various ocular diseases, cataracts in the lens of commercial rainbow
trout [Ketola, 1979], oxidative damage in the retinal pigment epithelium and photoreceptors
[Tate et al., 1999], age-related macular degeneration [Chiu and Taylor, 2007, Group, 2001],
and diabetic retinopathy [Faure et al., 1995]. Zinc is the most abundant trace ele-
ment in the crystalline lens and is predominantly localized in the anterior epithelial
cell layer [Gonzélez-Iglesias et al., 2017]. Zinc serves as an essential cofactor for car-
bonic anhydrase, an enzyme widely distributed throughout the lens that plays a key
role in pH and fluid regulation [Galin et al., 1962]. Zinc may aid in the lens’s trans-
parency by protecting the lens proteins’ structural integrity [Grahn et al., 2001]. Lenses
with senile cataracts contain a lower concentration of zinc than younger, clear lenses
[Swanson and Truesdale, 1971]. In oocytes, zinc and low pH can modulate the AQP0 and
increase the water permeability. Zinc and protons bind to the histidine residues (His40)
of the extracellular domain of AQPO, bringing conformational changes in the tetrameric
structure of AQPO, which leads to an increase in the pore size and water permeability
[Németh-Cahalan and Hall, 2000, Németh-Cahalan et al., 2007]. The water permeability
of AQPO has also been reported to increase with decreasing calcium ion concentration.
This effect is mediated by the detachment of calmodulin from the C-terminus of AQPO
[Németh-Cahalan and Hall, 2000]. Calmidazolium is a calmodulin inhibitor that prevents
calmodulin from binding to the C-terminus of the AQPO channel, resulting in an increase

in water permeability [Kalman et al., 2008].
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Ht31 is a synthetic peptide that blocks the interaction between A-kinase anchoring pro-
teins (AKAPs) and protein kinase A (PKA; [Carr et al., 1991]). Ht31 binds to the regulatory
unit of the PKA and mimics the binding generally made by AKAP [Carr et al., 1992]. This
binding disrupts the localized signalling pathway [Kreida et al., 2024, Kreida et al., 2018]
and further prevents the phosphorylation of the AQPO by promoting the binding of calmod-

ulin, thereby inhibiting the water permeability of the AQPO [Kreida et al., 2024].

2.3.6 Modulators of the Aquaporin 1

AqF026 is derived from a medication called furosemide, which is commonly used to treat
conditions where the body retains excess fluid, such as high blood pressure, edema, and
liver cirrhosis [Ponto and Schoenwald, 1990, Yool et al., 2013]. AqF026 has been reported
to increase the water permeability of the AQP1 in the Xenopus oocyte by binding to
a specific region, called the loop D domain, on the AQP1 protein [Yool et al., 2013].
The loop D domain is an intracellular domain related to channel gating, and AqF026
binding to the domain stabilizes the open conformation of the AQP1 channel and increases
the water permeability in treated oocytes by 20% compared to the untreated oocytes

[Kourghi et al., 2018, Yool et al., 2013, Tsai, 2020].

The bumetanide derivative, AqB013, is a synthetically designed compound to inhibit
AQP1, which can cross the cell membrane and occlude the AQP1 pore from the cytoplasmic
side, thereby reducing the water flux [Dorward et al., 2016, Migliati et al., 2009]. Mercuric
chloride, a highly reactive mercury salt, inhibits AQP1 water permeability by binding to thiol

groups (-SH) on the cysteine 189 residue. This binding induces a conformational change
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that obstructs the gating mechanism of the water pore or channel [Zhang et al., 1993,
Hirano et al., 2010]. Additionally, tetraethylammonium is widely used as a potassium
channel blocker in electrophysiological studies and acts as a potential inhibitor for human
AQP1 by binding to a tyrosine residue (Y186) on AQP1 to physically obstruct the water
pore and interfere with the flow of water molecules through the channel [Brooks et al., 2000,

Miiller et al., 2008, Yool et al., 2002].

2.3.7 Modulators of the Aquaporin 5

Isoproterenol, a non-selective [-adrenergic receptor agonist, functionally regulates both
NKCC1 and AQP5. However, this compound activates AQP5 via a different downstream
pathway than NKCC1, i.e., for AQP5, it activates adenyl cyclase, an enzyme that cat-
alyzes the production of cyclic adenosine monophosphate (cAMP), instead of engaging the
MAPK/ERK pathway. The cAMP and its derivatives increase the expression of both AQP5
mRNA and protein [Susa et al., 2013, Chen et al., 2014]. In salivary glands, the increased
cAMP levels also lead to phosphorylation of AQP5, which induces the translocation of AQP5
to the apical plasma membrane, where it acts as a water channel to enhance water perme-
ability [Susa et al., 2013, Chen et al., 2014, Hosoi et al., 2020]. Niclosamide, a drug used
for treating parasite infections, has been shown to increase the protein expression of AQP5
in human lung epithelial cells. Niclosamide reduces the ubiquitination of AQP5, resulting

in reduced degradation and increased cellular abundance of AQP5 [Villandre et al., 2022].

H89, a synthetic compound, is a potent and selective inhibitor of PKA and com-

petes with ATP for binding to the catalytic subunit of PKA [Chijiwa et al., 1990,
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Lochner and Moolman, 2006]. Since PKA is a key modulator of the cAMP signaling
pathway, the inhibition by H-89 prevents PKA-regulated phosphorylation of downstream
targets, effectively blocking the signal transduction [Paine et al., 2009, Yang et al., 2003].
It has been shown that inhibiting PKA with H-89 reduces the membrane localization of
AQPS5 in the corneal epithelial cells [Kumari et al., 2012]. Methazolamide is a sulfonamide-
based carbonic anhydrase inhibitor used for the treatment of glaucoma [Wistrand, 1984]
and has been shown to reduce the AQP5 mRNA levels by downregulating its transcription
[Rump et al., 2024].

2.3.8 Modulators of the Gap Junctions

Leupeptin, a bacterial protease inhibitor [Aoyagi et al., 1969], inhibits the activity of
proteases like cathepsin B, H, and L, which are involved in connexin degradation
[Leithe and Rivedal, 2004, Salminen, 1984], suggesting that inhibiting these cathepsins
can stabilize connexin levels and increase gap junction communication. 4-phenylbutyrate
(4-PBA) is a chemical chaperone and a special type of histone deacetylase (HDAC) inhibitor
that can improve protein folding and has been found to successfully increase the levels of
both Cx46 and Cx50 in the lenses of mice [Jara et al., 2018, Kaufman et al., 2013]. HDACs
are enzymes that regulate gene expression by modifying histone proteins and suppressing
the expression of Cx43 in cardiac and prostate cancer cells, leading to reduced gap junc-
tion communication [Hernandez et al., 2006, Xu et al., 2013]. It has been shown that by
inhibiting HDACs, the protein expression of Cx43 and gap junction communication can be

restored in the neural progenitor cells [Khan et al., 2007]. Forskolin, a known activator of
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cAMP, elevates cAMP levels, which further activate PKA, promoting phosphorylation of

Cx50, resulting in increased gap junction communication [Liu et al., 2011].

High intracellular calcium levels lead to the closure of the GJs by activating calcium-
dependent proteases, Lp82 and m-calpain, both of which are present in the lens cells. When
these proteases are activated, they can cleave connexins and degrade crystallins, decreasing
the permeability of GJs and causing crystallins to aggregate, ultimately leading to cataract
formation [Baruch et al., 2001, Nakamura et al., 2000]. 12-O-tetradecanoylphorbol-13-
acetate (TPA), a potent semi-synthetic activator of PKC, can significantly decrease dye
transfer between lenticular cells, indicating reduced gap junction intercellular communi-
cation. This effect was correlated with the activation of PKC-f, leading to phosphoryla-
tion of Cx43 and then a conformational change, which reduces GJ communication and
permeability [Johnson, 1997, Pun et al., 2023, Berthoud et al., 2000, Husgy et al., 2001,
Lampe et al., 2000]. Triarylmethanes are synthetic compounds and selective inhibitors
of Cx50 and have been shown to reduce the conductance of Cx50 in lens epithelial cells
of the mouse [Bodendiek et al., 2012]. N-benzylquinium, a derivative of quinine, is also a
selective inhibitor of Cx50 that binds to the channel pore; the open probability of the channel

is reduced, which stabilizes the closed state of the Cx50 channel [Rubinos et al., 2012].

2.4 Aging of the Lens

The crystalline lens is a unique ocular structure characterized by lifelong growth and
the retention of cells without shedding. Epithelial cells at the equator differentiate into

fibre cells that are continuously deposited onto the existing lens core. To preserve op-
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tical clarity along the visual axis, differentiating fibre cells undergo programmed loss of
organelles, creating an inner organelle-free zone. Consequently, the deep nuclear fibre
cells lack mitochondria, nuclei, and metabolic machinery, relying primarily on anaero-
bic glycolysis for energy generation [Fernald and Wright, 1983, Bassnett and Mataic, 1997].
While this structural architecture minimizes light scattering, it leaves the central lens
nuclear proteins reliant on passive transport and the microcirculatory system for metabolic
support [Mathias et al., 1997]. Because central lens proteins do not undergo cellular
turnover, long-lived crystallins accumulate post-translational modifications, including deami-
dation, truncation, glycation, oxidation, and covalent cross-linking [Budnar et al., 2022,
Truscott and Friedrich, 2019, Harding, 1973]. Over time, these modifications compromise
both structural crystallins and transmembrane proteins, such as aquaporins (AQPs), trig-
gering protein aggregation, insolubility, and light-scattering chromophore formation in
the lens [Harding, 1973, Spector, 1995, Budnar et al., 2022, Truscott and Friedrich, 2019].
Moreover, oxidative stressors, including depletion of antioxidants such as glutathione, ac-
cumulation of free radicals, and impaired proteostasis, contribute to the pathogenesis of
cataracts [Spector, 1995, Truscott and Friedrich, 2019, Lou, 2003]. Additionally, there is a
decrease in protein levels of connexin46 and connexin50 and a decrease in the function of tran-
sient receptor potential vanilloids (TRPVSs) in pressure regulation with age in lens fibre cells
[Gao et al., 2013, Giannone et al., 2021]. Sodium-potassium ATPase (NKA) pump activity
has been shown to reduce with age in skeletal muscles, as determined by reduced ouabain
binding sites in aged rodent models [Clausen, 2003, Wyckelsma and McKenna, 2016], and
a similar decline in sodium-potassium chloride co-transporter 1 (NKCC1) protein levels

has been observed in human and rat brain tissues [Dzhala et al., 2005, Gong et al., 2021].

42



Furthermore, increased sodium and calcium concentrations have been reported in cor-
tical cataracts, highlighting ionic dysregulation as a key finding in lenticular aging

[Adams, 1929, Tamiya and Delamere, 2006].

Continuous compaction and addition of lens fibre cells progressively alter both
the optical density and mechanical compliance of the lens. Helmholtz proposed
that presbyopia is caused by progressive loss of elasticity and hardening of the
lens with age, rather than a failure of the ciliary muscle [Helmholtz, 1855]. Later,
Fisher quantified lens stiffness and the exponential increase of the stiffness with age
[Fisher, 1971]. Presbyopia affects approximately 1.8 billion people worldwide as of
2015 [Fricke et al., 2018]. Age-related cataractogenesis is a pathophysiological tran-
sition characterized by opacities in the lens [Cheng et al., 2019, Huang et al., 2005,
Kinoshita, 1974, Truscott, 2005]. Cataracts are the most common cause of blindness
worldwide [Delaye and Tardieu, 1983, Harding and van Heyningen, 1987, Lin et al., 2025],
accounting for more than 50% of blindness cases globally [Jiang et al., 2026]. The
progression of cataracts is accelerated by a diverse range of environmental, lifestyle,
and systemic risk factors, including but not limited to chronic exposure to ultra-
violet (UV) radiation [Harding, 1970, Borges-Rodriguez et al., 2023], diabetes mellitus
[Ang and Afshari, 2021], chronic tobacco smoking, and prolonged corticosteroid therapy
[Urban and Cotlier, 1986, Ang and Afshari, 2021]. These extrinsic factors feed directly
into distinct clinical cataract phenotypes. Nuclear cataracts are predominantly driven
by chronic oxidative stress, environmental exposures, and nuclear glutathione depletion
[Harding, 1970, Truscott and Augusteyn, 1977]. Accumulation of insoluble crystalline ag-

gregates and fluorescence chromophores induces progressive homogeneous browning of the
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nuclear core [Spector, 1995]. However, cortical cataract is primarily driven by ionic dysreg-
ulation, membrane permeability alterations, and localized shear stress generated during
accommodative effort [Fisher, 1973, Duncan and Bushell, 1975, Bron and Michael, 2011].
Elevated intracellular calcium and sodium concentrations disrupt osmotic equilibrium,

forming localized wedge-shaped opacities [Adams, 1929, Duncan and Bushell, 1975].

2.5 Avian Experimental Model

Aside from non-human primates, the domestic chicken serves as a primary experimental
model for studying lenticular accommodation. Primates rely primarily on lenticular curva-
ture changes driven by a smooth ciliary muscle acting through the zonular fibres. In contrast,
the avian crystalline lens employs a dual mechanism involving both corneal and lenticular
accommodation, supported by a specialized ciliary apparatus and a uniquely deformable
lens [Sivak, 2004|. Comparative work across vertebrates established that birds possess some
of the largest accommodative amplitudes known, driven by extreme lens softness and rapid
ciliary muscle action [Sivak et al., 1986]. The avian lens is an exceptionally soft, highly
deformable, and strongly refractive optical component, particularly in species with large
accommodative ranges. Diving birds such as the hooded merganser, which can accommodate
up to approximately 70-80 diopters, reflect the need to compensate for refractive changes
between air and water [Sivak et al., 1985]. Diurnal raptors such as red-tailed hawks exhibit
amplitudes up to 17-28 diopters of accommodation, with additional corneal contributions
of 3-6 diopters [Glasser et al., 1997]. Chickens also have notably soft lenses and are widely

used as a model for studying lenticular biomechanics [Choh et al., 2002].
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Figure 2.7: Schematic diagram of the chicken eye. AP, annular pad; CL, cavum lenticuli;
LB, lens body; CP, ciliary processes; CM, ciliary muscle; P, pecten.

A defining anatomical specialization of the avian lens is the presence of an annular pad,
a thick circumferential pad of modified secondary lens fibres, which occupies nearly half
of the coronal cross-section of the lens (Fig. 2.7) [Walls, 1942]. This structure is unique
to birds and is absent in primates and most mammals. The annular pad is composed of
highly compacted, radially oriented, and mechanically specialized fibres that differ from
those of the central lens nucleus: they are shorter, more densely packed, radially oriented,
and exhibit a distinct curvature profile, giving the annular pad a stiffer equatorial band
capable of transmitting force efficiently from the ciliary apparatus [Walls, 1942]. It is also
reported that this specialized equatorial architecture plays a central role in enabling the

large, rapid lens-shape change characteristics of avian accommodation [Sivak et al., 1986].

Unlike primates, where the ciliary muscle acts indirectly through the zonular fibres,

birds possess a direct mechanical interface between the ciliary body and the annular
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pad [Sivak et al., 1986]. Large, radially projecting ciliary processes insert directly onto
the surface of the annular pad, forming a physical contact zone that increases the
surface area for force transfer and enables efficient equatorial compression of the lens
[Sivak et al., 1986]. This arrangement is powered by the avian striated ciliary muscle,
which is capable of rapid, high-force contractions far exceeding the speed of smooth
muscle in mammals [Pardue and Sivak, 1997, Tedesco et al., 2005]. The ciliary apparatus
is further reinforced by a ring of scleral ossicles, which form a rigid interlocking bony
support around the corneoscleral junction and stabilize the ciliary ring during contrac-
tion [Walls, 1942]. Together, the combination of direct ciliary lens articulation, large
ciliary processes, striated muscle, and ossicular stabilization creates a highly specialized
biomechanical system that enables the fast, high-amplitude accommodation character-
istics of visually demanding avian species such as raptors, diving birds, and chickens

[Glasser et al., 1997, Sivak et al., 1985, Choh et al., 2002].

Between the annular pad and the central lens body lies a narrow, lubricated cleft (cavum
lenticuli); the inner ends of annular pad fibres secrete a viscous mucopolysaccharide-rich
substance into this space, creating a low-friction surface interface [Walls, 1942]. This
lubricated cleft is hypothesized to permit shearing and sliding between the annular pad
and central lens mass during ciliary muscle contraction [Walls, 1942]. Such sliding enables
equatorial compression coupled with axial steepening required for the high accommodative
amplitudes observed in birds [Sivak et al., 1986]. As in humans, the avian ciliary muscle
receives postganglionic parasympathetic innervation from the short ciliary nerves, whose
preganglionic fibres arise from the oculomotor nerve and relay in the ciliary ganglion before

entering the eye [Walls, 1942, Glasser et al., 1997, Choh et al., 2002].

46



The chicken offers a uniquely advantageous model for studying ocular accommodation
and lens biomechanics due to the combination of anatomical, physiological, and experi-
mental features. Anatomically, the chicken lens is exceptionally soft, making it ideal for
studying deformation and age-related changes in stiffness [Glasser et al., 1995]. They also
exhibit robust lenticular accommodation early in life, and there is an age-related decline
in accommodative amplitude [Choh et al., 2002]. This decline mirrors the progressive loss
of lens elasticity in humans, making the chicken an effective model for studying the mech-
anism behind the age-related lens stiffening. Although chickens utilize both corneal and
lenticular mechanisms during accommodation [Schaeffel and Howland, 1987], the intrinsic
biomechanical properties of the lens itself can still be effectively isolated ex vivo, providing a
valuable model to investigate lens-specific responses. Neural stimulation of the ciliary nerve
in chickens [Choh et al., 2002] also parallels the parasympathetic control of accommodation

in humans, enabling controlled activation of the accommodative apparatus.

At the molecular level, the chicken lens expresses the same three ancestral crystallin
families: a-, 8-, and 7, but the amounts and relative contributions of each family differ
markedly from those in humans [Wilmarth et al., 2004, Chen et al., 2017]. a-crystallins
(oA, aB) serve as ATP-independent chaperones in both species, though chickens rely more
heavily on aeA; whereas humans show stronger aB expression associated with stress response
proteostasis [Cvekl et al., 2015]. S-crystallins form the major structural scaffold in both
human and avian lenses [Wistow and Piatigorsky, 1988a]. The biggest difference between
chickens and humans is in the vy-crystallin family. Humans possess a full set of v-crystallin
genes (7YA-vF in the lens nucleus, and 4S predominantly in the lens cortex. Birds, however,

lost most 7-crystallin genes (yA-vF) during evolution, compensating for this loss through
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high expression of J-crystallin [Piatigorsky, 1984]. Consequently, chickens produce only
trace amounts of 7S and YN, whereas humans express high levels of S while rendering vN

a non-functional pseudogene [Chen et al., 2017].

Complementing these protein-level differences, the gap-junction architecture of the
chicken lens closely parallels that of humans. In both species, lens communication is
mediated by connexind3 (Cx43) in the anterior lens epithelium and fibre-cell connexins
encoded by GJA3 and GJAS. In chickens, fibre connexins are historically named Cx45.6
and Cx56 based on their predicted molecular masses, and they represent the avian orthologs
of mammalian Cx46 and Cx50, respectively [Rup et al., 1993, Jiang et al., 1994]. Avian
studies show that Cx43 is expressed in the chicken lens epithelium, whereas Cx45.6 and
Cxb6 are expressed in differentiating and mature fibre cells, forming high-conductance
gap junctions essential for rapid post-hatch lens growth [Wang et al., 2012]. Connexin
expression in chick embryos is tightly linked to fibre-cell elongation and organelle loss,

mirroring mammalian lens development [Jiang et al., 1994].

Additionally, the chicken lens also expresses AQP1 in the anterior lens epithelium and
supports osmotic balance and fluid transport [Isokpehi et al., 2009]. In fibre cells, AQPO
is the dominant membrane protein and serves dual roles as a water channel and adhesion
molecule, interacting with avian fibre connexins Cx45.6 and Cx56 [Yu and Jiang, 2004].
The ion-transport machinery that drives the lens microcirculation system is also conserved in
chickens. Sodium-potassium ATPase (NKA) is highly enriched in the equatorial epithelium
of the lens [Kinsey and Reddy, 1965].

Thus, despite anatomical differences, such as the presence of an annular pad and direct
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ciliary body lens articulation in birds, the chicken lens remains a powerful translational
model because it not only demonstrates robust accommodation and an age-related decline
in accommodative amplitude but also preserves fundamental molecular systems: crystallins,
connexin-mediated intercellular communication, the water channels, and epithelial ion
transport machinery. These together provide insight into lenticular biomechanics and

age-related changes relevant to human accommodation and the mechanism of presbyopia.

I hypothesize that the pharmacological modulation of the lens microcirculatory system
via targeting the fluid transport pathway will change lens biomechanics such as lens stiffness

and resilience in chicken lenses.
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Chapter 3

The effect of modulators of aquaporin
0 and sodium-potassium ATPase
pumps on chicken lens biomechanics

3.1 Introduction

The microcirculatory system (MCS) plays an essential role in maintaining ion homeostasis
and volume in the lens [Donaldson et al., 2001, Mathias et al., 1997]. Two main com-
ponents of MCS are aquaporin 0 (AQPO) and the sodium-potassium ATPase pumps
(NKA). The AQPO water channel, also called a major intrinsic polypeptide (MIP;
[Gorin et al., 1984]), contributes to 50% of the total membrane proteins of the lens fi-
bre cells [Fitzgerald et al., 1983]. AQPO is exclusively present in the lens fibre cells and
maintains water homeostasis across the membrane [Ball et al., 2003]. It has been re-
ported that 80% of the water permeability of the lens fibre cells is contributed by AQPO
[Grey et al., 2009, Varadaraj et al., 2005]. Additionally, AQPO has cell adhesion properties,

which maintain the minimum gap between the lens fibre cells and contribute to the lens
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transparency [Kumari and Varadaraj, 2009, Michea et al., 1994]. It has been suggested
that there is a change of 2-8% of water volume in the lens during accommodation, and these
changes are thought to be aided by AQPs [Gerometta et al., 2007]. Phosphorylation has
been reported to play an essential role in maintaining AQPO function as a water channel
[Kalman et al., 2008], calmodulin binds to the C-terminal of AQPO and closes the cyto-
plasmic water pore of AQPO [Reichow and Gonen, 2008]. Protein kinase A (PKA), along
with A-kinase anchoring protein-2 (AKAP2), makes a PKA-AKAP2-AQPO complex and
phosphorylates AQPO, which further protects the binding of calmodulin from the C-terminal
of the AQPO. Detachments of the PKA from the AKAP2-AQPO complex are associated
with loss of lens transparency [Gold et al., 2012]. Mutation of the AQPO channels has been
shown to be associated with loss of the transparency of the lens and cataract formation

[Berry et al., 2000].

NKA is a transmembrane enzyme, and its maximum activity is located at the equa-
torial epithelium of the lens [Delamere and Dean, 1993, Unakar and Tsui, 1980]. NKA
actively transports sodium ions out of the cell and potassium ions into the cell against
their electrochemical gradients [Kaplan, 2002, Wallick et al., 1979]. NKA plays an es-
sential role in maintaining cellular osmolarity by regulating intracellular sodium and
potassium ion concentrations in the lens. NKA also creates an osmotic gradient within
the lens by actively transporting sodium ions at the equator, which further facilitates
the movement of water and other nutrients through the lens [Donaldson et al., 2010,
Gao et al., 2011, Gao et al., 2015]. Dysfunction of the NKA can lead to lens opacification
[Beebe et al., 1982, Duncan and Bushell, 1975, Parmelee and Beebe, 1988]. Thus, modu-

lating AQPO and sodium-potassium pumps with modulators makes them a potential target
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for developing treatments for age-related conditions in humans, such as cataracts and

presbyopia.

Zinc (Zn) has been shown to significantly increase the water permeability of human
and Xenopus AQPO as well as human AQP5 by modulating the channels through coop-
erative tetrameric allosteric mechanisms [Németh-Cahalan et al., 2007, Mom et al., 2024]
and AQP5 [Mom et al., 2024]. Rather than altering the physical dimensions of pores
[Mom et al., 2024], the binding of Zn®" to a single monomer induces a conformational shift
that is cooperatively transmitted across the tetramer, stabilizing the entire complex in
a highly conductive state [Németh-Cahalan et al., 2007]. On the other hand, Ht31 is a
known inhibitor of A-kinase anchoring proteins (AKAP) associated with AQPO; it acts
by uncoupling protein kinase A (PKA) from the AKAP2-AQPO complex, thereby disrupt-
ing the normal phosphorylation of AQPO and disturbing water permeability in the lens
[Gold et al., 2012, Ma et al., 2011].

In endometrial epithelial cells, insulin has been shown to increase the activity of
the NKA pump by activating the PI3K pathway and protein phosphatases, which en-
hances the pump’s binding affinity for intracellular sodium ions and increases its maxi-
mum velocity [Deachapunya et al., 1999]. Additionally, insulin is known to stimulate the
translocation of NKA pump subunits to the plasma membrane in the lung epithelial cell
[Comellas et al., 2010]. Ouabain is an inhibitor of NKA pumps, which blocks the enzyme’s
ATPase activity, subsequently disrupting the intracellular sodium and potassium ion concen-
trations in both the lens [Bonting et al., 1963] and the retina [Murphy and Crewther, 2013].
This study is undertaken to examine whether modulators of AQPO and NKA lead to changes

in lenticular biomechanics. I hypothesized that the pharmacological modulation of the lens
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AQPO and NKA significantly alters chicken lens biomechanics such as lens stiffness and

resilience.

3.2 Material and Methods

3.2.1 Experimental model and lens dissection

White Leghorn chickens (Gallus gallus domesticus) were used as an experimental model,
as the optical properties of the chicken lens are similar to those of humans, and they can
change the shape of their lenses to accommodate. Additionally, like humans, chickens
show robust accommodation into adulthood before also developing presbyopia as they
age [Choh et al., 2002]. Chicken hatchlings were purchased from the Maple Leaf hatchery
in New Hamburg, Ontario. Chickens were reared in brooders with proper heating and
humidity sources kept on a 14h:10h light-dark cycle and provided with food and water ad
libitum. The standards of the Canadian Council on Animal Care and the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research were followed in the rearing of
chickens (AUPP-43774). Sample size was determined a priori using G*Power with an alpha
error of 0.05, a beta error of 0.80, an effect size of 0.14, and a moderate correlation of 0.43.

This calculation indicated a requirement of at least 13 birds per experimental group.

14-day-old healthy young chickens were euthanized by decapitation using a guillotine.
Immediately after decapitation, chicken eyes were enucleated and immersed in oxygenated
Tyrode’s solution (TS), composition: 134 mM NaCl, 3 mM KCI, 20.5 mM NaHCOs3, 1

mM MgCly, and 3 mM CaCl,, to preserve tissue viability. Under a dissecting microscope,
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the posterior globe of the eye was removed to expose the vitreous humor by making a
circumferential incision around the corneal-scleral junction. Then the lenses were carefully
separated from the ciliary body and vitreous humor without damaging the lens capsule.

All dissections were performed in Tyrode’s solution to maintain physiological conditions.

3.2.2 Lens Treatment

For the AQPO activation, lenses (n=18) were treated with AQPO agonist zinc (80 pg/ml;
208086, Millipore Sigma, Oakville, Ontario, Canada) for 15 minutes. A 100 times concen-
trated zinc stock solution was prepared by dissolving 834 mg of zinc chloride in 1 mL of 6N
hydrochloric acid (HCI) to ensure complete dissolution and prevent the precipitation of zinc
hydroxide. This mixture was brought to a final volume of 50 mL using deionized water.
The final working solution of 80 pg/ml of zinc was prepared fresh before each experiment
by diluting the stock solution 1:100 in oxygenated Tyrode’s solution (TS) by adding 500
nL of stock to 50 mL of TS. Note that the buffering capacity of TS neutralized the trace
acid from the stock, maintaining a physiological pH of 7.4 and an osmolarity around 300
mOsm/L (iso-osmotic condition). Paired control lenses were exposed to a vehicle control
matching the trace acid and osmolarity environment of the treatment solution without zinc

chloride for the same duration.

For the AQPO inhibition, lenses (n=14) were exposed to the AQPO0 antagonist st-Ht31
(10 nM; 6286, Bio-Techne Canada, Toronto, Ontario, Canada) for 15 minutes. The 10
nM working solution was prepared by adding 1 mg of st-Ht31 in 35.74 pL of TS. The

contralateral control lenses were incubated in TS alone, without traces of st-Ht31.
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For the NKA activation, lenses (n=15) were treated with the NKA agonist insulin (150
nM; 16634, Millipore Sigma, Oakville, Ontario, Canada) alone for 15 minutes. Due to its
low solubility at neutral pH, a concentrated insulin stock solution was first prepared by
dissolving 2 mg insulin powder in 1 mL of hydrochloric acid, which was then brought to a
total volume of 23.26 mL using oxygenated TS. The final 150 nM working solution was
prepared fresh before each experiment by diluting this stock solution 1:100 in TS. The
contralateral control lenses were incubated in a vehicle control solution matching the trace

acidity of the treatment group in the absence of insulin.

For the NKA inhibition, lenses (n=14) were incubated in the NKA antagonist ouabain
(1 mM; O3125, Millipore Sigma, Oakville, Ontario, Canada) in TS for 15 minutes. The 1
mM working solution was prepared by dissolving 36.44 mg of ouabain octohydrate directly
in TS. Due to its toxicity, ouabain was handled strictly according to standard UW safety

protocols. Fellow control lenses were treated with a corresponding vehicle (TS).

Following their respective treatments and immediately before biomechanical compression
under the microtester, all lenses were rinsed in fresh TS for 1 minute. No cloudiness of the

lens was detected with any agonist or antagonist treatment under the testing conditions.

3.2.3 Biomechanical testing

Lenses were compressed using a CellScale Micro Tester G2 (Ontario, Canada) to check
their mechanical properties. The microtester consists of a microbeam (tungsten shaft, size)
that is fixed with a vertical actuator and a square stainless-steel platen (compression plate),

which is attached to the end of the microbeam (Fig. 3.1).
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Figure 3.1: The microtester setup and experimental testing. (A) The chicken lens positioned
under the microtester platen. (B) Force-time curve during the 15-second compression,
5-second hold, and 15-second recovery phase.

Each lens was placed posterior pole side up on a compression anvil located in the
fluid bath (test chamber) filled with Tyrode’s solution. Compression was applied by a
microbeam-connected platen. The experimental testing profile consisted of three distinct
sequential phases over a total duration of 35 seconds: first, a 15-second compression phase
where lenses were then progressively compressed up to a displacement of 750 pm at a
constant speed of 50 pm/s [Won et al., 2015]; second, a 5 second hold phase where the
platen was held stationary at the maximum displacement; and third, a 15-second recovery
phase where the platen was retracted at a constant velocity of 50 pm/s back to its position

to monitor the elastic recoil of the tissue.

To isolate the true resistance and mechanical forces of the lens tissue from the experi-
mental artifacts, a baseline fluid control test was executed individually for every single lens.
Immediately following the completion of a lens’s compression run, the lens was removed

from the chamber, and the platen was run through the exact same 35-second displacement
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profile in the fluid bath containing only TS. The resulting buoyancy force exerted by the
fluid alone was recorded. Force compression data were collected from the MicroTester G2

software (ver. 1.0.0.1, Waterloo, Ontario, Canada) for subsequent mathematical modeling.

First, individual baseline fluid-force values (buoyancy) were subtracted from the raw
experimental force data. To quantify the mechanical behaviour of the lenses, the baseline-
corrected force-displacement data from the 15-second compression phase were fit to a
non-linear exponential curve using the equation y = yo + ae™, where y represents the
baseline-corrected force exerted by the lens (mN), x represents the platen displacement or
compression depth (pm) and yq represents the baseline force at zero displacement. The
a-coefficient represents the initial force amplitude of the exponential curve, indicating the
early-stage resistance of the lens tissue. The b-coefficient represents the exponential rate
constant and signifies the change in force with compression. A higher b-coefficient indicates
a steeper exponential increase in lens stiffness with increasing displacement, thereby serving

as a direct indicator of a stiffer lens matrix.

The viscoelastic energy dissipation or structural recovery was evaluated by calculating
the lens’s structural resilience. Resilience was mathematically determined using the areas

under the force-displacement curves by the following equation:

Area under the recovery curve

Resilience = -
Area under the compression curve

The areas under both the compression and recovery curves represent the mechanical work
input and work returned, respectively. A higher resilience value indicates highly efficient

energy conservation and shape recovery (greater tissue elasticity), and lower hysteresis
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(minimal energy lost during deformation).

3.2.4 Hyperosmotic Challenge and Water Permeability Assay

Freshly enucleated eyes were carefully dissected to isolate intact crystalline lenses. Immedi-
ately following removal, paired lenses from the same chicken were transferred to individual
containers filled with a hyperosmolar Tyrode’s solution (>60 mOsm/L above the baseline
300 mOsm/L; 1 hour) formulated to induce controlled osmotic stress by causing water
efflux and measurable shrinkage. At the end of this hyperosmolar incubation, each lens was
briefly rinsed in isomolar Tyrode’s solution, gently positioned on a calibrated imaging stage
in a microtester fluid bath container filled with Tyrode’s solution, and a high-resolution
photograph was captured to document morphological and volume changes resulting from

the hyperosmotic stress.

After imaging, the lenses were rinsed in isomolar (300 mOsm/L) Tyrode’s solution for 1
minute to remove residual hyperosmolar solution, then one lens from each pair was treated
with Tyrode’s solution supplemented with zinc for 15 minutes, while the contralateral
control lens was incubated with Tyrode’s solution alone for the same duration. Following
incubation, lenses were briefly rinsed in isomolar Tyrode’s solution and re-imaged using
the same optical setup and magnification parameters to ensure consistency across time
points. Morphometric image analysis was performed using ImageJ (version 1.54g; National
Institutes of Health, Bethesda, MD, USA) [Schneider et al., 2012]. The relative changes in
total lens cross-sectional area were calculated to evaluate volume recovery. Additionally,

during hyperosmotic incubation, an unexpected subcapsular gap formed between the lens
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capsule and the underlying cortex, probably due to fluid loss; therefore, the diameter of
this subcapsular gap was also quantified in ImageJ. The degree of osmotic recovery in
zinc-treated lenses relative to their paired controls was used as an indicator of zinc-mediated

enhancement in water permeability.

3.2.5 Statistical analysis

Statistical analyses were performed using R (version 4.5.3; [R Core Team, 2026] within the
RStudio integrated development environment (version 2026.01.14+403; [Posit Team, 2026].
To evaluate the exponential relationship between baseline-corrected force (y) and platen
displacement (x) during the 15-second compression, a model was fitted using the core
stats package [R Core Team, 2026]. For each lens, the force compression data were fit
to the exponential model equation y = yy + ae™ to extract the initial force amplitude
(a~coefficient) and exponential rate constant (b-coefficient). Because the microtester system
is extremely sensitive to ambient environment vibrations, minor background disturbances
and the opening or closing of lab doors during the run can introduce high-frequency
noise and produce jittery force curves. To ensure basic curve consistency and eliminate
environmentally compromised runs, only curves demonstrating a high quality of fit with a
coefficient of determination (R?) greater than or equal to 0.97 were considered acceptable

for final parameter estimation.

Data cleaning, manipulation, and structural transformations were conducted using the
"tidyverse” collection of packages [Wickham et al., 2019], primarily utilizing "readr” for

data import, "dplyr” and "tidyr” for data restructuring, ”stringr” for string manipulation,
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"forcats” for date-time parsing, and ”purrr” for functional programming pipelines. High-
resolution figures and data visualization were generated using ”ggplot2.” Normality of the
extracted parameters (a-coefficient, b-coefficient, and resilience) across the experimental
and control groups was assessed using the Shapiro-Wilk normality test, and homogeneity
of variances was verified using Levene’s test by the "rstatix” package [Kassambara, 2026].
The differences between the experimental treatment lenses (zinc, Ht31, insulin, or ouabain)
and their respective contralateral vehicle control lenses were evaluated using a t-test for
normally distributed data or a Wilcoxon signed-rank test for non-normally distributed
data. All statistical tests were two-tailed, and the differences were considered statistically

significant at a threshold of p < 0.05.

3.3 Results

We found that the treatment with 80 pg/ml of zinc (Fig. 3.2), an agonist of AQPO0, showed
a statistically significant increase in the b-coefficient (p-value = 0.001), with the treated
group exhibiting a mean value of 4.508 £ 0.594 compared to the control lenses” mean of
4.031 4+ 0.337. This elevation indicates that the lens’s stiffness increases exponentially
with compression, indicating stiffer lenses. In contrast, there was no significant change in
structural resilience (p-value = 0.124) between zinc-treated lenses (73.118 £ 7.139) and
control lenses (77.009 £+ 12.000).
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Figure 3.2: Box plots of the biomechanical responses of lenses treated with zinc (filled boxes)
or vehicle (empty boxes) at room temperature. (A) Exponential stiffness (b-coefficient) of
lenses treated with zinc was significantly higher compared to vehicle solution (p = 0.001).
(B) Resilience values showed no significant difference between zinc and vehicle treatments
(p = 0.124). Data are presented as mean + sd (n = 18; paired t-test). Each pair of eyes is
linked by dashed grey lines. Dotted black line = mean; dotted solid lines = median

Conversely, treatment of lenses with Ht31 (Fig. 3.3), an inhibitor of AQPO0-signalling
chain, resulted in a significant reduction in the b-coefficient (p = 0.037); Control lenses
exhibited a mean b-coefficient of 4.350 + 0.541, whereas Ht31-treated lenses dropped to a
mean of 4.123 + 0.620. This decrease in the b-coefficient reflects an exponential reduction
in lens stiffness under compression, consistent with a softer mechanical response. Despite
this change in stiffness, structural resilience was not significantly altered (p-value = 0.518),

with treated lenses showing a mean resilience of 79.970 + 8.743 and controls 77.997 + 5.215.
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Figure 3.3: Box plots of the biomechanical responses of lenses treated with Ht31 (filled boxes)
or vehicle (empty boxes) at room temperature. (A) Exponential stiffness (b-coefficient) of
lenses treated with Ht31 was significantly lower compared to vehicle solution (p = 0.037).
(B) Resilience values showing no significant difference between Ht31 and vehicle treatments
(p = 0.518). Data are presented as mean £ sd (n = 14; paired t-test). Each pair of eyes is
linked by dashed grey lines. Dotted black line = mean; dotted solid lines = median.

Next, we target the NKA pump with insulin (Fig. 3.4), which is the agonist of the NKA
pump. We found no significant change in whole lens biomechanics. No significant shifts
were detected in the b-coefficient (p = 0.214; treated: 4.142 £ 0.484, control: 3.973 + 0.360)
or structural resilience (p = 0.480; treated: 81.778 £+ 6.992, control: 83.638 £ 6.306) across

the paired cohorts.
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Figure 3.4: Box plots of the biomechanical responses of lenses treated with insulin (filled
boxes) or vehicle (empty boxes) at room temperature. (A) Exponential stiffness (b-
coefficient) of lenses treated with insulin remained comparable to vehicle solution (p = 0.214).
(B) Resilience values showed no significant difference between insulin and vehicle treatments
(p = 0.480). Data are presented as mean + sd (n = 15; paired t-test). Each pair of eyes is
linked by dashed grey lines. Dotted black line = mean; dotted solid lines = median.

To assess potential synergistic interaction between zinc and insulin, lenses were treated
with a combination of zinc and insulin (Fig. 3.5). We found that there is no significant
deviation in the b-coefficient (p = 0.937) in treated lenses (4.095 + 0.446) compared to
the contralateral controls (4.109 £ 0.520). Notably, the previously observed zinc-induced
increase in stiffness (b-coefficient) was no longer present under this combined treatment.
Structural resilience similarly showed no significant change (p = 0.062), with treated lenses

at 71.165 £ 8.050 and controls at 77.180 £+ 7.136.
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Figure 3.5: Box plots of the biomechanical responses of lenses treated with a combination
of zinc and insulin (filled boxes) or vehicle (empty boxes) at room temperature. (A)
Exponential stiffness (b-coefficient) of lenses treated with zinc + insulin with remained
comparable to vehicle solution (p = 0.937). (B) Resilience values showed no significant
difference between insulin and vehicle treatments (p = 0.062). Data are presented as mean
+ sd (n = 14; paired t-test). Each pair of eyes is linked by dashed grey lines. Dotted black
line = mean; dotted solid lines = median.

The treatment with ouabain, an inhibitor of the NKA pump, likewise did not significantly
affect lens biomechanics (Fig. 3.6). There was no change in the b-coefficient (p = 0.274;
treated: 4.132 + 0.598, control: 4.243 £+ 0.560). Furthermore, resilience showed no significant
difference (p = 0.123) following NKA inhibition (treated: 79.662 £+ 8.921, control: 82.997 +
3.319).
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Figure 3.6: Box plots of the biomechanical responses of lenses treated with ouabain
(filled boxes) or vehicle (empty boxes) at room temperature. (A) Exponential stiffness
(b-coefficient) of lenses treated with ouabain remained comparable to vehicle solution
(p = 0.274). (B) Resilience values showed no significant difference between ouabain and
vehicle treatments (p = 0.123). Data are presented as mean + sd (n = 14; paired t-test).
Each pair of eyes is linked by dashed grey lines. Dotted black line = mean; dotted solid
lines = median.

To determine whether zinc and ouabain exert synergistic effects on lens biomechanics,
lenses were treated with both agents and compared to ouabain-alone controls (Fig. 3.7)
and to zinc alone (Fig. 3.8). When the zinc + ouabain treatment group was compared
to ouabain-alone controls, a significant increase in the b-coefficient was observed (treated:
4.343 £ 0.422; control: 4.131 4+ 0.454; p = 0.001). This increase mirrors the stiffening
effect previously observed with zinc alone, indicating that the zinc-dependent elevation in
the b-coefficient is still detectable when ouabain is present. In contrast, ouabain alone did
not alter the b-coefficient, as confirmed both in the ouabain-only experiments and in the

combined zinc 4+ ouabain comparison against ouabain controls.
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Figure 3.7: Box plots of the biomechanical responses of lenses treated with a combination
of zinc and ouabain (filled boxes) or ouabain (empty boxes) at room temperature. (A)
Exponential stiffness (b-coefficient) of lenses treated with zinc 4+ ouabain remained compa-
rable to ouabain solution (p = 0.001). (B) Resilience values showed a significant decrease
between zinc + ouabain and ouabain treatments (p = 0.001). Data are presented as mean
+ sd (n = 14; paired t-test). Each pair of eyes is linked by dashed grey lines. Dotted black
line = mean; dotted solid lines = median.

However, when the zinc + ouabain group was compared to zinc-alone controls, the
b-coefficient remained statistically unchanged (p = 0.177; treated: 4.109 £+ 0.291, control:
4.246 + 0.421). This indicates that combined treatment does not further enhance or
suppress the change in zinc-related stiffness; rather, the effect on the b-coefficient remains

consistent with the zinc-alone response.
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Figure 3.8: Box plots of the biomechanical responses of lenses treated with a combination of
zinc and ouabain (filled boxes) or zinc (empty boxes) at room temperature. (A) Exponential
stiffness (b-coefficient) of lenses treated with zinc + ouabain with remained comparable
to zinc solution (p = 0.177). (B) Resilience values showed a significant decrease between
zinc + ouabain and zinc treatments (p = 0.035). Data are presented as mean + sd (n = 14;
paired t-test). Each pair of eyes is linked by dashed grey lines. Dotted black line = mean;
dotted solid lines = median.

In contrast, a different pattern emerged for resilience. Ouabain alone did not significantly
affect resilience, but the combination of zinc and ouabain produced a significant reduction
in resilience relative to both zinc-alone controls (treated: 73.338 + 8.761; control: 76.847
+ 9.468; p = 0.035) and ouabain-alone controls (treated: 77.468 + 7.065; control: 84.697
+ 7.676; p = 0.001). Thus, although ouabain does not independently alter resilience, its
presence in combination with zinc unmasks a measurable decrease in the lens’s ability to
recover after compression. Together, these findings show that zinc and ouabain do not
synergize to modify zinc-dependent changes in stiffness (b-coefficient), but they do interact
to significantly reduce resilience, revealing a combined effect on the recovery phase of lens

biomechanics.
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Next, to check the effect of zinc on the lens water content, lenses were treated with
hyperosmolar Tyrode’s solution. This treatment produced a distinct subcapsular gap
between the anterior capsule and underlying lens substance in both treated and control
groups, as both were subjected to the same hyperosmolar stress. The same lenses were
returned to iso-osmolar conditions: control lenses were incubated in iso-osmolar Tyrode’s
solution, whereas treated lenses were incubated in Tyrode’s solution containing 80 pg/ml

zinc.

We found that both control and zinc-treated lenses exhibited a significant increase in
total cross-sectional area (Fig. 3.9) relative to their hyperosmolar state (control: p < 0.001;

zinc-treated: p = 0.012).
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Figure 3.9: Paired dot plots of cross-sectional area of lenses (A) treated with hyperosmolar
solution and followed by recovery in isosmolar Tyrode’s solution (p < 0.001). (B) Shows the
cross-sectional area of lenses treated with hyperosmolar solution and subsequent recovery
in zinc solution (p = 0.012).

In control lenses, incubation in iso-osmolar Tyrode’s solution did not alter the subcapsular
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gap (Fig. 3.10 and Fig. 3.12) compared with the hyperosmolar condition (p = 0.669),

indicating that simple osmotic recovery was insufficient to restore capsule-cortex apposition.

A B

Figure 3.10: Photographs of a lens exposed to (A) hyperosmolar conditions and (B)
subsequent recovery in isosmolar Tyrode’s solution at room temperature.

In contrast, lenses treated with zinc following hyperosmolar stress showed a significant

reduction in the subcapsular gap (p > 0.001), demonstrating that zinc uniquely promotes

re-apposition of the capsule to the underlying lens tissue (Fig. 3.11 and Fig. 3.12).
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Figure 3.11: Photographs of a lens exposed to (A) hyperosmolar conditions and (B)
subsequent recovery in zinc solution at room temperature.
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Figure 3.12: Paired dot plots of the subcapsular gap of lenses (A) treated with hyperosmolar
solution and followed by recovery in isosmolar Tyrode’s solution. (B) Shows the subcapsular
gap of lenses treated with hyperosmolar solution and subsequent recovery in zinc solution

(p > 0.001).
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3.4 Discussion

The precise mechanism underlying the increase in the stiffness of the lenses with the appli-
cation of zinc (Fig. 3.2) remains unclear. However, findings from the permeability study
(Fig. 3.12) suggest that this increased stiffness might be due to an increase in the water con-
tent within lens fibres, driven by zinc-AQP0-mediated water inflow. This concept aligns with
a previous study showing that zinc increases the water permeability of AQPO in Xenopus
oocytes [Németh-Cahalan et al., 2007]. In contrast, the reduction in stiffness observed with
Ht31 treatment (Fig. 3.3) further supports the water permeability hypothesis. Specifically,
Ht31 uncouples PKA from the AQPO-AKAP signalling complex, decreasing PKA-mediated
phosphorylation of AQP0O and allowing calmodulin to bind and suppress AQP0 water
permeability. [Reichow and Gonen, 2008, Reichow et al., 2013, Kalman et al., 2008]. This
antagonist-driven channel closure is expected to decrease water content in the lenses,
thereby yielding softer lenses. Additionally, reduction in the subcapsular gap size with
zinc treatment demonstrates that zinc accelerates water re-entry into the lens, support-
ing the idea that AQPO acts as an inherently slow water channel under baseline condi-
tions [Jensen et al., 2008]. Both control and zinc-treated lenses can overcome the shrink-
age/compaction induced by hyperosmolarity. This suggests that the lens may possess an

intrinsic volume-regulatory mechanism that restores water balance following osmotic stress.

Although zinc and Ht31 altered lens stiffness, resilience remained unchanged in both
conditions (Fig. 3.2 and 3.3). This suggests that stiffness and resilience may be controlled by
different mechanisms: stiffness appears to depend primarily on lens water content, whereas

resilience may rely on the structural integrity of the cytoskeleton or cell matrix.
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Co-treatment with zinc and insulin removed the zinc-induced increase in stiffness
(Fig. 3.5). This finding implies that insulin-stimulated NKA activity counteracts zinc-
driven water influx, consistent with the role of NKA in extruding ions to promote water
efflux [Mathias et al., 2007] and oppose AQP0-mediated water influx. The lack of effect on
resilience further supports the idea that insulin restores osmotic balance without disturbing

structural recovery pathways.

Compared to ouabain-alone, the combined treatment of zinc and ouabain preserved
the zinc-dependent increase in stiffness, indicating that ouabain does not prevent the
zinc-induced stiffening (Fig. 3.7). This suggests that AQP0-mediated water influx can still
increase lens hydration even when NKA is inhibited. However, resilience was significantly
reduced relative to both zinc-alone (Fig. 3.8) and ouabain-alone controls (Fig. 3.7). This
impairment of structural recovery (resilience) suggests that while zinc increases water influx,
NKA inhibition by ouabain likely prevents efficient ion redistribution and volume regulation
following mechanical compression, consistent with an established role of NKA in volume

regulation [Shahidullah et al., 2012b].

The absence of significant changes in stiffness or resilience following treatment with
either insulin (Fig. 3.4) or ouabain (Fig. 3.6) indicates that the lens relies on compensatory
mechanisms to buffer NKA activity. While individual treatments fail to alter stiffness or
resilience, these findings suggest that modulating NKA activity only affects lens biomechanics

under homeostatic stress, such as during zinc-induced osmotic disturbance.
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Chapter 4

TRPV1 and TRPV4 presence in the
chicken crystalline lens and the effect
of their modulation on biomechanics
and protein expression

4.1 Introduction

Transient receptor potential (TRP) channels form a wide superfamily of ion chan-
nels [Cosens and Manning, 1969, Minke et al., 1975, Chen et al., 2020] and play an es-
sential role as cellular sensors of temperature, pain [Caterina et al., 1997], pressure,
and osmotic changes [Sackin, 1995]. TRPs are broadly categorized into subfamilies
[Clapham, 2003, Zhang et al., 2023], with the vanilloid receptor subfamily being notable
for its roles in sensing various stimuli [Caterina et al., 1997]. Among these, the tran-
sient receptor potential vanilloid 1 (TRPV1) and transient receptor potential vanil-

loid 4 (TRPV4) channels exhibit unique structural features and functional properties
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[Caterina et al., 1997, Liedtke et al., 2000, Gladkikh et al., 2021]. TRPV1 is composed
of 838-839 amino acids and forms a tetramer with intracellular N- and C-termini
[Caterina et al., 1997, Moiseenkova-Bell et al., 2008]. Each unit of TRPV1 consists of six
transmembrane helices, which are topographically similar to voltage-gated potassium chan-
nels [Liao et al., 2013, Aguado-Llera et al., 2012]. TRPV1 plays a crucial role in thermoreg-
ulation and osmoregulation in various tissues [Tominaga et al., 1998, Nishihara et al., 2011].
TRPV4 consists of 871 amino acids with a similar structure to that of TRPV1
[Liedtke et al., 2000]. TRPV4 is also implicated in a wide range of physiological func-
tions, including mechanotransduction, osmoregulation, and inflammatory responses
[Michalick and Kuebler, 2020]. TRPV4 also has a significant role in maintaining cellu-

lar and systemic homeostasis [Kumar et al., 2018, Goswami et al., 2010].

TRPV1 and TRPV4 are found in retinal ganglion cells and control the apoptosis
of the cells [Sappington et al., 2009, Ryskamp et al., 2011]. TRPV1 is located in sen-
sory neurons of the cornea, where it helps to detect various stimuli [Alamri et al., 2015].
TRPV1 is also located in both the corneal epithelium and stroma, and during corneal
injury, TRPV1-expressing nerve cells are in close relationship to the corneal immune
cells and associated with neuropathic pain [Jiao et al., 2021]. TRPV1 and TRPV4
are co-expressed in the non-pigmented ciliary epithelium and respond to mechanical
and osmotic stress and are hypothesized to regulate intraocular pressure in the eye
[Shahidullah and Delamere, 2023, Delamere and Shahidullah, 2022]. TRPV1 responds to
cell shrinkage, leading to an influx of calcium ions and activation of the PISK-ERK-
Akt-WNK cascade, which further upregulates the activity of sodium-potassium-chloride

cotransporter 1 (NKCC1) and restores ion and water balance. However, TRPV4 activates

74



in response to cell swelling or mechanical stretch, which opens the connexon hemichan-
nels and allows calcium influx. This leads to the release of ATP and the activation
of purinergic receptors, which further stimulates the sodium-potassium ATPase pump
(NKA) and maintains epithelial homeostasis [Gao et al., 2015, Shahidullah et al., 2020].
TRPV1 and TRPV4 are important parts of the lens microcirculatory system (MCS), which
is essential to maintain the lens’s constant volume, transparency, and nutrient supply

[Gao et al., 2015, Nakazawa et al., 2019, Vaghefi and Donaldson, 2018].

TRPV1 is present in the dorsal root ganglion and regulates nociceptive behavior in
chickens. It is also reported that the activity of chicken TRPV1 is regulated by extracellular
sodium ions [Uzura et al., 2020]. It has been shown that chickens express the TRPV4
channel. Its regulatory N-terminus is highly conserved across species, with the chicken
N-terminus sharing around 67% similarity with human TRPV4 [Goretzki et al., 2022].
TRPV4 is expressed in chicken skin and has a role in peripheral thermal regulation
[Cristina-Silva et al., 2022]. Despite extensive work on TRP channels in avian physiology,
no studies have demonstrated the presence of TRPV1 and TRPV4 in chicken lenses. Because
chickens rely on active lenticular accommodation and develop age-related presbyopia similar
to humans [Choh et al., 2002], identifying the homeostatic mechanisms governing the avian
lens provides critical insight into broader vertebrate lens biomechanics. The present study
was therefore designed to determine whether TRPV1 and TRPV4 are expressed in the
chicken lens and to examine how selective activation or inhibition of these channels affects
the lens biomechanics. I hypothesized that TRPV1 and TRPV4 are present in the chicken

lenses and can be modulated to change lens stiffness and resilience.
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4.1.1 Modulators of TRPV1 and TRPV4

Capsaicin is a naturally occurring homovanillic acid derived from the capsicum that im-
parts the characteristic pungency and thermal sensation to chili peppers. Functionally, it
acts as a highly lipophilic agonist of the TRPV1 ion channel [Bevan and Szolcsanyi, 1990,
Caterina et al., 1997, Yang and Zheng, 2017]. Structural studies using cryo-electron mi-
croscopy (cryo-EM) have demonstrated that capsaicin partitions into the lipid bilayer
plasma membrane to access the allosteric, hydrophobic binding pocket located within
the transmembrane domain of TRPV1. This molecular docking initiated a downstream
structural shift, widened the lower activation gate, and stabilized the open conformation of
the central non-selective cation pore [Cao et al., 2013, Liao et al., 2013]. It has been shown
that capsaicin-mediated activation of TRPV1 in the mouse lens epithelial cells initiates a
signaling cascade that rapidly phosphorylates the sodium-potassium-chloride cotransporter
1 (NKCC1). Once phosphorylated, NKCC1 drives a large influx of sodium, potassium,
and chloride ions into the cells, followed by an increase in the intracellular hydrostatic
pressure [Shahidullah et al., 2020]. However, Nakazawa et al. (2021) have discovered that
applying capsaicin to activate TRPV1 in the lens actually causes TRPV4 to insert into the
membrane and initiate a biphasic increase in surface hydrostatic pressure. The ultimate
physiological result is an anti-swelling compensatory response mediated by shifting TRPV4

to the membrane [Nakazawa et al., 2021]

On the other hand, this activation cascade of TRPV1 can be selectively inhibited by
AMGOI810, a synthetic N-aryl cinnamide and potent antagonist [Gavva et al., 2005]. Struc-

tural and cryo-electron microscopy analyses indicate that AMG9810 competitively occupies
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the orthosteric vanilloid pocket located within the transmembrane domain of the TRPV1
channel [Cao et al., 2013]. By physically occluding this binding pocket, AMG9810 effectively
prevents the docking of both exogenous and endogenous vanilloid ligands [Gavva et al., 2005].
This molecular interaction stabilizes the lower activation gate of TRPV1 in a rigid, non-
conducting apo-closed conformation [Cao et al., 2013]. Therefore, the binding of AMG9810
functionally uncouples multiple upstream chemical and noxious stimuli from channel pore

opening and downstream ion conduction [Gavva et al., 2005].

The synthetic GlaxoSmithKline compound GSK1016790A functions as a highly
potent and selective agonist of the TRPV4 ion channel [Thorneloe et al., 2008,
Shahidullah et al., 2012b]. Upon binding, GSK1016790A promotes a conformational
change that stabilizes the TRPV4’s open state, facilitating a robust influx of extracel-
lular calcium down its electrochemical gradient into the cell [Shahidullah et al., 2012b,
Mihara et al., 2016]. This immediate, localized elevation in cytoplasmic calcium concentra-
tions acts as a secondary messenger, triggering the functional opening of connexin and pan-
nexin hemichannels. The open probability of these hemichannels allows the outward passage
of intracellular purinergic molecules, facilitating the localized release of adenosine triphos-
phate (ATP) in the extracellular clefts. This extracellular ATP acts through an autocrine or
paracrine feedback loop by binding to local purinergic receptors, which activate downstream
Src family tyrosine kinases (SFKs). This signaling cascade upregulates sodium-potassium
ATPase (NKA) catalytic pump activity to drive regulatory volume changes and preserve

homeostatic ionic concentrations [Shahidullah et al., 2012b, Shahidullah et al., 2017].

Conversely, RN-1734 is a highly selective, synthetic small-molecule TRPV4 antagonist

that effectively uncouples multiple upstream stimuli from pore opening [Vincent et al., 2009,
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Shahidullah et al., 2012b]. It locks the channel in an apo-closed, non-conducting state,
preventing hemichannel-mediated ATP release and downstream cascades even when cells
are challenged by mechanical stretch, hypo-osmotic swelling, or direct chemical agonist
stimulation by RN-1747 [Shahidullah et al., 2012b, Thorneloe et al., 2008]. Specifically, in
porcine lens epithelial cells, RN-1734-mediated blockade of TRPV4 suppresses the initial
cytoplasmic calcium transient, completely blocking downstream hemichannel-mediated

ATP release and NKA activity [Shahidullah et al., 2012b]

4.2 Material and Methods

Western blotting was used to confirm the presence of TRPV1 and TRPV4 in the chicken
lens; the procedure for which is detailed below in Section 4.2.2 (Western Blot). The
experimental model and lens dissection protocol were similar to those in Section 3.2.3
(Biomechanical testing) of Chapter 3. The sole modification in the experimental design is

the use of physiological temperature (36 — 37°C) in addition to room temperature (RT).

Unlike section 3.2.3 (Biomechanical testing) of Chapter 3, which only used the room
temperature (RT) environment, the microtester fluid bath chamber was also equipped
with continuous thermal regulation to maintain the testing fluid bath container with
Tyrode’s solution at a physiological temperature (36 — 37°C) throughout the duration of

the biomechanical testing.

All statistical analyses were conducted as in Section 3.2.5 of Chapter 3; the impact of

the treatments (GSK1016790A, RN-1734, capsaicin, and AMG 9810) on lens biomechanics
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(stiffness and resilience), TRPV4 protein expression, and intracellular potassium levels was
assessed using a paired t-test, comparing treated lenses with their respective vehicle-treated

controls. A p-value of less than 0.05 was considered significant for all tests.

4.2.1 Lens Treatment

One lens from each bird was exposed to an experimental treatment, while the contralateral
lens served as a vehicle control. To evaluate the TRPV4 activation, GSK1016790A (M2028,
Millipore Sigma, Oakville, Ontario, Canada; 100 nM) was prepared using a multistep serial
dilution protocol to ensure precise molarity. A master stock solution was initially prepared by
dissolving 1 mg of solid GSK1016790A in 100 pL of anhydrous dimethyl sulfoxide (DMSO).
The intermediate stock solution was subsequently prepared by diluting 1 pl. of this master
stock into 999 pL. of Tyrode’s solution (TS). Finally, the experimental 100 nM working
solution was prepared in a total volume of 50 mL by adding 328 pL of the intermediate
dilution into 49.672 mL of TS. Contralateral control lenses were subjected to an identical
protocol using a control solution, which was prepared by adding an equivalent volume of

pure DMSO vehicle to TS in the absolute absence of the GSK1016790A compound.

For TRPV4 inhibition, the lenses were treated with a selective antagonist, RN-1734
(616520, Millipore Sigma, Oakville, Ontario, Canada; 10 pM). A master stock solution was
prepared by dissolving 3.533 mg of RN-1734 in 1 mL of 100% DMSO to achieve a stable
concentrate. Final 10 pM working solution was subsequently prepared by adding 50 pL of

the master stock into 50 mL volumes of T'S.

For TRPV1 activation, the lenses were treated with capsaicin (M2028, Millipore Sigma,
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Oakville, Ontario, Canada; 5 ntM). A master stock was prepared by dissolving 3.054 mg
of solid capsaicin in 1 mL of pure DMSO. The final working concentration of 5 ntM was

achieved by introducing 25 nL of this master stock into 50 mL of TS.

For TRPV1 inhibition, AMG 9810 (A2731, Millipore Sigma, Oakville, Ontario, Canada;
10 pL)) was used, and a master stock was prepared by dissolving 3.374 mg of the compound
in 1 mL of 100 % DMSO, and a final working concentration of 10 pM was achieved by
quantitatively transferring 50 pL of the master stock into 50 mL volumes of T'S. Contralateral
control lenses were subjected to an identical incubation protocol using a vehicle control
buffer prepared by adding an equivalent volume of pure DMSO to TS in the absolute absence
of agonists or antagonists. The final concentration of the DMSO vehicle across all treated
and control lenses was strictly maintained at a negligible, non-toxic baseline (< 0.1%
v/v), and preliminary measurements confirmed that the addition of agonist/antagonist
induced no significant changes in solution osmolarity. All lenses were incubated either at
room temperature (~ 22°C) or physiological temperature of 36 — 37°C for 2 hours prior to

subsequent biomechanical testing, western blotting, or potassium assays.

4.2.2 Western Blot

After treatment with modulators and compression under the microtester, the same lenses
were used for western blotting to evaluate changes in the protein expression of TRPV4
following the application of modulators. The lenses were homogenized with a small pes-
tle in radioimmunoprecipitation assay buffer (RIPA; 20-188, Millipore Sigma, Oakville,

Ontario, Canada) with ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor
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cocktail (1183617001, Millipore Sigma, Oakville, Ontario, Canada) and phosphatase in-
hibitors (4906845001, Millipore Sigma, Oakville, Ontario, Canada). Then, the lysates were
centrifuged at 14000 RCF for 15 minutes at 4°C, and the supernatants were collected.
The quantification of the total protein concentration in each lens was performed using the
Bicinchoninic acid (BCA) assay protein kit (71285-3, Millipore Sigma, Oakville, Ontario,
Canada). Then the protein lysates were mixed with Laemmli sample buffer and a reducing
agent, 8-mercaptoethanol, and heated at 95°C for 5 minutes. Equal amounts of total protein
(40 pg per well) were loaded alongside a molecular weight marker (ladder) in precast 4-15%
TGX Stain-free gels (4568084, Bio-Rad Laboratories Ltd, Mississauga, Ontario, Canada)

and separated according to molecular weight.

The gels were transferred to polyvinylidene difluoride (PVDF; 1704274, Bio-Rad Labo-
ratories (Canada) Ltd, Mississauga, Ontario, Canada) membranes. Then the membranes
were incubated in 5% bovine serum albumin (BSA) for 1 hour at room temperature (RT),
followed by primary antibodies TRPV1 (1:1000, OST00105W, Osenses, Keswick, Australia)
and TRPV4 (1:1000, OST00146W, Osenses, Keswick, Australia), incubated overnight at
4°C. The membranes were washed in Tris-buffered saline with Tween-20 (TBS-T) and
incubated in horseradish peroxidase (HRP)- conjugated secondary antibody for 1 hour at
RT. The membranes were washed again with TBS-T and visualized using an enhanced
chemiluminescence (ECL) substrate on a ChemiDoc MP Imaging system (Bio-Rad Labo-
ratories Ltd, Mississauga, Ontario, Canada). Both anti-GAPDH antibody (LS-C285516,
Vector Labs, USA) and anti-beta-actin antibody (ab8224, Abcam Inc., Toronto, Ontario,
Canada) were used as reference proteins to ensure equal loading across samples. The

amount of protein expression was analyzed using ImageJ analysis software.
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4.2.3 Potassium Assay

To evaluate how TRPV4 channel activation by GSK1016790A modulates NKA pump
function, intracellular potassium ion concentration was quantified within chicken lenses.
A paired contralateral experimental design was utilized for each animal (n=6), wherein
one lens was isolated and exposed to the TRPV4 agonist GSK1016790A (100 nM), while
the fellow control lens was treated with the respective vehicle control solution for 2 hours
of incubation at 36 — 37°C. Following the treatment, the lenses were stored at -80°C. On
the day of the potassium assay, lenses were removed from -80°C storage and thawed on
ice. Excess surface liquid was gently blotted using a filter paper (pre-rinsed with deionized
water) before the lenses were weighed. Deionized water (DI) was used as the homogenization
medium, as recommended by the colorimetric potassium (K) assay kit [NBP3-25780; Novus
Biologicals, Centennial, CO, USA]. The homogenization medium was added at a ratio of
9:1 (e.g., 0.18 mL of DI water per 0.02 g of lens tissue; v:w). The lenses were homogenized
on ice using a small pestle for 6-8 min. Subsequently, homogenates were centrifuged at
1,500 x g for 10 min at 4°C. The resulting supernatants (tissue extracts) were transferred

to clean tubes, and aliquots were stored at -80°C for subsequent analysis.

The protein precipitant was prepared by mixing Reagent 1 and Reagent 2 at an 8:1
(v/v) ratio. The lens homogenate supernatant (tissue extract) was then mixed with the
protein precipitant at a 1:9 ratio (20 pL supernatant to 180 pL of protein precipitant). This
mixture was centrifuged at 1,100 x g for 10 min at 4°C, and the clarified supernatants
(samples) were collected for each lens. Then 50 pL of both samples and standards (50 pL)

were loaded into individual wells of a 96-well plate, followed by the addition of 200 pL of
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chromogenic agent to each well. The plate was covered with a lid and incubated for 5 min
at room temperature. Immediately after incubation, the optical density (OD) was measured
at 450 nm using a microplate reader. Standard curves were generated by plotting OD (y)
against standard concentration (x). Total protein concentration was measured concurrently
in the same supernatant using a (BCA) assay to normalize potassium levels per gram of

protein.

4.3 Results

Western blot analysis was performed to verify the presence of TRPV1 and TRPV4 channels
in the control lens tissue. The analysis revealed distinct bands for both TRPV1 and TRPV4
at approximately 98 kDa (Fig. 4.1), confirming the presence of both channel types within

chicken lenses.

TRPV4 TRPV1
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Figure 4.1: Western blot showing the presence of TRPV4 and TRPV1 protein expression
in the lens tissue of different chickens, with distinct immunoreactive bands observed at
approximately 98 kDa, with a secondary upper band near 100 kDa that likely corresponds
to a glycosylated form of TRPV1 [Veldhuis et al., 2012]
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4.3.1 The effect of the modulators of TRPV1 and TRPV4 on the

lens biomechanics

We found that activation or inhibition of TRPV4 channels did not significantly alter lens
stiffness or resilience at room temperature. The b-coefficient for lenses treated with TRPV4
agonist -GSK1016790A was 4.623 £+ 0.582 (mean + sd), which did not significantly differ
(p = 0.275) from vehicle-treated controls (4.854 + 0.546) (Fig. 4.2).

90
6.0 1

v
wn
)

80

Resilience

B—coefficient
w
o

»
[

70

4.04

Control Treated Control Treated

Eye Eye

Figure 4.2: Box plots of the biomechanical responses of lenses treated with the TRPV4
agonist (GSK1016790A; filled boxes) or vehicle (empty boxes) at room temperature. (A)
Exponential stiffness (b-coefficient) of lenses treated with GSK1016790A remained compa-
rable to vehicle solution (p = 0.275). (B) Resilience values showed no significant difference
between GSK1016790A and vehicle treatments (p = 0.237). Data are presented as mean =+
sd (n = 13; paired t-test). Each pair of eyes is linked by dashed grey lines. Dotted black
line = mean; dotted solid lines = median.

Targeted inhibition of TRPV4 using the antagonist RN-1734 yielded comparable results,
showing no significant shifts in the b-coefficient (4.841 + 0.407 vs. control: 4.740 £+ 0.550;

p = 0.635) (Fig. 4.3). Lens resilience at room temperature was likewise unaffected by
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TRPV4 modulation, remaining statistically indistinguishable from controls during both

GSK1016790A treatment (79.643 + 7.039 vs. control: 75.930 + 10.555; p = 0.237) and

RN-1734 treated (80.325 £ 7.278 vs. control: 76.814 4+ 10.112; p = 0.315).
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Figure 4.3: Box plots of the biomechanical responses of lenses treated with the TRPV4
antagonist (RN-1734; filled boxes) or vehicle (empty boxes) at room temperature. (A)
Exponential stiffness (b-coefficient) of lenses treated with RN-1734 remained comparable to
vehicle solution (p = 0.635). (B) Resilience values showed no significant difference between
RN-1734 and vehicle treatments (p = 0.315). Data are presented as mean + sd (n = 13;
paired t-test). Each pair of eyes is linked by dashed grey lines. Dotted black line = mean;

dotted solid lines = median.

Parallel experiments targeting TRPV1 channels at room temperature reveal a similar

lack of mechanical responsiveness. The TRPV1 agonist capsaicin induced no significant

changes in the b-coefficient (4.797 £ 0.365 vs. control: 4.828 £ 0.324; p = 0.822) or

resilience (79.060 + 6.914 vs. 80.848 £ 2.606; p = 0.243) (Fig. 4.4).
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Figure 4.4: Box plots of the biomechanical responses of lenses treated with TRPV1 agonist
(capsaicin; filled boxes) or vehicle (empty boxes) at room temperature. (A) Exponential
stiffness (b-coefficient) of lenses treated with capsaicin remained comparable to vehicle
solution (p = 0.822). (B) Resilience values showed no significant difference between
capsaicin and vehicle treatments (p = 0.243). Data are presented as mean + sd (n = 13;
paired t-test). Each pair of eyes is linked by dashed grey lines. Dotted black line = mean;
dotted solid lines = median.

Furthermore, treating lenses with TRPV1 antagonist, AMG 9810 failed to elicit any

significant deviations in the b-coefficient (4.890 + 0.398 vs. control: 4.917 £+ 0.374; p =

0.847) or resilience (76.896 £ 5.281 vs. control: 74.254 + 8.497; p = 0.308) (Fig. 4.5).
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Figure 4.5: Box plots of the biomechanical responses of lenses treated with TRPV1
antagonist (AMG 9810; filled boxes) or vehicle (empty boxes) at room temperature. (A)
Exponential stiffness (b-coefficient) of lenses treated with AMG 9810 remained comparable
to vehicle solution (p = 0.847). (B) Resilience values showed no significant difference
between AMG 9810 and vehicle treatments (p = 0.308). Data are presented as mean + sd
(n = 13; paired t-test). Each pair of eyes is linked by dashed grey lines. Dotted black line
= mean; dotted solid lines = median.

In contrast to the results obtained at room temperature, shifting the experimental condi-
tions to physiological temperature unmasked significant opposing biomechanical responses
specifically linked to TRPV4 activities. When incubated at physiological temperature,
TRPV4 activation via GSK1016790A significantly reduced the b-coefficient (Fig. 4.6) to
4.765 £ 0.310 compared to 5.022 4 0.337 in the vehicle group (p = 0.033).
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Figure 4.6: Box plots of the biomechanical responses of lenses treated with TRPV4 agonist
(GSK1016790A; filled boxes) or vehicle (empty boxes) at physiological temperature. (A)
Exponential stiffness (b-coefficient) of lenses treated with GSK1016790A showed a significant
difference compared to the vehicle solution (p = 0.033). (B) Resilience values showed a
significant difference between GSK1016790A and vehicle treatments (p = 0.013). Data are
presented as mean + sd (n = 16; paired ¢-test). Each pair of eyes is linked by dashed grey
lines. Dotted black line = mean; dotted solid lines = median.

Conversely, TRPV4 inhibition via the antagonist RN-1734 significantly elevated the
b-coefficient (Fig. 4.7)to 5.326 + 0.476, relative to its respective vehicle-control of 4.952 +
0.485 (p = 0.020). This pattern of TRPV4-mediated regulation was also reflected in the
lens’s resilience. GSK1016790A treatment significantly depressed lens resilience (57.662 +
8.568 vs. control: 66.604 + 13.304; p = 0.013). In contrast, targeted TRPV4 blockade with
RN-1734 resulted in a resilience of 66.635 + 11.724, which did not significantly differ (p =

0.526) from its corresponding vehicle control (62.833 £+ 17.372).
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Figure 4.7: Box plots of the biomechanical responses of lenses treated with TRPV4
antagonist (RN-1734; filled boxes) or vehicle (empty boxes) at physiological temperature.
(A) Exponential stiffness (b-coefficient) of lenses treated with RN-1734 (10 M) significantly
reduced compared to the vehicle solution (p = 0.020). (B) Resilience values showed no
significant difference between RN-1734 and vehicle treatments (p = 0.526). Data are
presented as mean + sd (n = 15; paired ¢-test). Each pair of eyes is linked by dashed grey
lines. Dotted black line = mean; dotted solid lines = median.

Unlike the changes observed within the TRPV4 channel, the TRPV1 channel remained
unresponsive at physiological temperature. Exposure to the TRPV1 agonist capsaicin
induced no significant changes (Fig. 4.8) in the b-coefficient (4.887 £ 0.347 vs. control:
4.953 £+ 0.332; p = 0.576) or resilience (71.283 + 11.209 vs. control: 71.306 + 11.480; p =
0.996).
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Figure 4.8: Box plots of the biomechanical responses of lenses treated with TRPV1
agonist (capsaicin; filled boxes) or vehicle (empty boxes) at physiological temperature. (A)
Exponential stiffness (b-coefficient) of lenses treated with capsaicin remained comparable
to the vehicle solution (p = 0.576). (B) Resilience values showed no significant difference
between capsaicin and vehicle treatments (p = 0.996). Data are presented as mean £ sd
(n = 14; paired t-test). Each pair of eyes is linked by dashed grey lines. Dotted black line

= mean; dotted solid lines = median.

Similarly, the treatment with the TRPV1 antagonist AMG 9810 failed to elicit any

statistically significant changes (Fig. 4.9) in the b-coefficient (4.829 £ 0.516 vs. control:

4.738 + 0.327; p = 0.597) or resilience (66.391 £+ 9.444 vs. control: 69.686 + 10.262; p =

0.438).
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Figure 4.9: Box plots of the biomechanical responses of lenses treated with TRPV1
antagonist (AMG 9810; filled boxes) or vehicle (empty boxes) at physiological temperature.
(A) Exponential stiffness (b-coefficient) of lenses treated with AMG 9810 (10 M) remained
comparable to the vehicle solution (p = 0.597). (B) Resilience values showed no significant
difference between AMG 9810 and vehicle treatments (p = 0.438). Data are presented as
mean + sd (n = 13; paired t-test). Each pair of eyes is linked by dashed grey lines. Dotted
black line = mean; dotted solid lines = median.

4.3.2 The effect of the modulators of TRPV4 on its protein

expressions and lens’ intracellular potassium levels

To determine whether TRPV4 agonist (GSK1016790A) and TRPV4 antagonist (RN-1734)
also affect the protein expression of TRPV4 in the lens, western blotting was performed.
The protein expression level in agonist-treated lenses was 4.387 4+ 6.454 (mean =+ sd),
which did not significantly differ (p = 0.723) from vehicle-treated controls (1.796 £+ 0.938).
Similarly, the protein expression in antagonist-treated lenses (0.814 + 0.427) remained

unchanged (p = 0.691) relative to its respective controls (0.762 £ 0.247) (Fig. 4.10).
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Figure 4.10: Western blots and paired dot plots of TRPV4 protein expressions in lenses
treated with a TRPV4 agonist (GSK1016790A), antagonist (RN-1734), or vehicle control.
(A, C) TRPV4 protein expressions in GSK1016790A treated lenses remained comparable
to their vehicle control (p = 0.723). (B, D) Similarly, RN-1734 treatment showed no
significant difference compared to its respective control (p = 0.691). TRPV4 signals were
normalized to GAPDH and beta-actin (not shown). Data are presented as mean + sd
(n = 8, paired t-test). MW = molecular weight marker; C = control lenses; T = treated
lenses.

In parallel, intracellular potassium levels were evaluated to determine the downstream
activity of the sodium-potassium ATPase (NKA) pump following the application of the
agonist (GSK1016790A) and antagonist (RN-1734) of TRPV4. The potassium level of
GSK1016790A-treated lenses was 440.455 £+ 53.272 (mean + SD), which did not differ
significantly (p = 0.856) from vehicle-treated controls (409.635 + 116.797). Likewise,
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intracellular potassium levels following antagonist treatment (371.137 £ 156.385) remained

statistically unchanged (p = 0.492) from corresponding control values (426.121 + 61.626)

(Fig. 4.11).
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Figure 4.11: Paired dot plots of potassium ion concentrations in lenses treated with a
TRPV4 agonist (GSK1016790A), antagonist (RN-1734), or vehicle control. (A) Potassium
concentration in lenses treated with GSK1016790A remained comparable to their vehicle
control (p = 0.856). (B) Similarly, potassium concentration in lenses treated with RN-1734
(p = 0.492) did not change compared to their respective vehicle controls. Data are presented
as mean £ sd (n = 6; paired t-test).

4.4 Discussion

The confirmed protein expression of both TRPV1 and TRPV4 (Fig. 4.1) in chicken
lens tissue, similar to findings in mammalian models such as mice, rats, and bovines
[Delamere and Shahidullah, 2021, Shahidullah et al., 2020], suggests that the avian system

may serve as a relevant model for studying microcirculation and biomechanics of the lens.
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The absence of significant biomechanical changes with TRPV1 modulation with capsaicin
or AMG9810 at room temperature (Fig. 4.4, 4.5) suggests that TRPV1 remains inactive
at room temperature. This finding aligns with the understanding that TRPV1 typically
responds to heat (> 43°C) [Caterina et al., 1997], protons, and vanilloids, with an activation
threshold substantially higher than ambient experimental temperature. Similarly, the
lack of biomechanical response at physiological temperature (Fig. 4.8, 4.9) could imply
that TRPV1 activation primarily functions to stimulate NKCC1 cotransporter activity
to mediate regulatory volume increase during hyper-osmotic stress or tissue shrinkage
[Delamere et al., 2020, Gao et al., 2015]. Because these experiments were conducted under
normo-osmotic conditions, the TRPV1 pathway may have remained functionally dormant,

potentially explaining the lack of any changes in stiffness and resilience.

Likewise, the lack of change in stiffness and resilience following treatment with agonists
or antagonists (Fig. 4.2, 4.3) at room temperature (~ 22°C) suggests that TRPV4 may be
insufficiently gated at room temperature. This is consistent with prior studies showing that
TRPV4 is a polymodal, temperature-sensitive ion channel with an activation threshold near
physiological body temperature (~ 27°C to 34°C), displaying significant baseline activity

under normal physiological conditions [Vriens et al., 2004, Giiler et al., 2002].

At physiological temperature, the decrease in stiffness of lenses (Fig. 4.6) observed with
the TRPV4 agonist (GSK1016790A) is likely driven by a dual-action mechanism involving
both structural and osmotic remodeling. Specifically, TRPV4 activation might induce a
localized influx of calcium, which can trigger calcium-dependent proteases (such as calpains).
These proteases are known to target and degrade major cytoskeletal and structural proteins

within the lens [Ryskamp et al., 2016]. This targeted remodeling of the cytoskeletal network
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can directly reduce lens stiffness. Concurrently, elevated intracellular calcium may also
promote pannexin hemichannel opening, ATP release, and downstream stimulation of
sodium-potassium ATPase activity [Vincent et al., 2009, Shahidullah et al., 2012b]. These
events could collectively promote structural remodeling and water eflux from the lens,
explaining the observed lens softening upon application of a TRPV4-agonist. Conversely,
the increased stiffness seen with inhibition of TRPV4 by RN-1734 suggests that blocking
TRPV4 may reduce calcium influx and limit water eflux. This interpretation aligns with
mammalian studies showing that TRPV4 blockade can elevate hydrostatic pressure by

inhibiting NKA- mediated fluid flux [Gao et al., 2015, Delamere et al., 2020].

Reduction in the resilience of the lenses with TRPV4 activation could be linked to two
potential mechanisms. First, agonist-induced TRPV4 activation might stimulate Na®™ /K*-
ATPase activity and hemichannel opening, leading to water efflux and a loss of intracellular
hydrostatic pressure [Gao et al., 2015]. This reduced fluid turgor could diminish the lens
tissue’s restorative force, preventing rapid shape recovery following microbeam compression.
Alternatively, TRPV4-mediated calcium influx might trigger remodeling of the cytoskeleton
and actin reorganization [Ryskamp et al., 2016], which could reduce tissue stiffness and
accelerate stress relaxation during compression. In contrast, the absence of significant
change in resilience with TRPV4 inhibition suggests that blocking the channel alters fluid
flux without compromising the structural cytoarchitecture, thereby preserving the lens’s

baseline elastic recoil.

Finally, the lack of change in TRPV4 protein expression following GSK1016790A
or RN-1734 treatments suggests that TRPV4 modulation likely involves channel gating

rather than transcriptional or translational regulation, consistent with TRPV4’s role as an
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immediate mechanosensor that shows rapid activation kinetics independent of transcriptional
regulation [Vriens et al., 2004]. Similarly, intracellular potassium levels remained unchanged
following TRPV4 modulation, which aligns with prior studies suggesting that TRPV4 may
influence NKA pump activity indirectly through purinergic signaling rather than through
immediate changes in overall ion content or pump turnover [Shahidullah et al., 2012a,

Shahidullah et al., 2012b].
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Chapter 5

How modulators of the lens
microcirculatory system regulate lens
biomechanics at physiological
temperature

5.1 Introduction

In Chapter 3, I found that modulating aquaporin 0 (AQPO0) alone and co-modulating AQPO
and the Na®/KT-ATPase (NKA) pump alters lens biomechanics at room temperature.
However, Chapter 4 revealed that TRPV4 channel modulation affects lens biomechanics
only at physiological temperature. Given the temperature-dependent gating of TRPV4
channel, these observations highlight the need to evaluate whether the AQPO and NKA-
dependent mechanisms observed at room temperature are preserved under physiological

thermal conditions.

Temperature plays a significant role in lens physiology. It has been shown that cooling
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at 4°C induces reversible cataract formation, driven by 7- crystallin aggregation within
the lens nucleus [Zigman and Lerman, 1964, Siezen et al., 1985]. Temperature shifts cause
bovine a- crystallin oligomers to reorganize, expanding from approximately 550 kDa into
larger, more polydisperse assemblies at both low (4°C) and high (50°C) temperatures
[Vanhoudt et al., 1998]. Additionally, it has been shown that incubating corneas at 37°C
leads to a minor decline in ATP levels [Greiner et al., 1983]. In mammalian lenses, it has
been shown that there is a significant decline in the calcium efflux at 4°C compared to 37°C
[Hightower et al., 1980]. An increase in the calcium level in the lens can lead to the activa-
tion of calcium-dependent proteases like calpains, which can digest membrane and cytoskele-

tal proteins like vimentin, filensin, and spectrin [Wang et al., 2001, Sanderson et al., 1996].

While temperature clearly alters crystalline interactions, ionic transport, and optical
and structural properties, its direct effect on how room- and physiological-temperature
conditions influence lens biomechanics has not been investigated. Therefore, the present
study was designed to investigate these temperature-dependent biomechanical effects. 1
hypothesized that temperature significantly impacts lens biomechanics and that modulating
AQPO and NKA pump at physiological temperature yields distinct effects on lens stiffness

and resilience compared to room temperature.

5.2 Material and Methods

To assess biomechanical changes under physiological temperature in response to modulators
of AQP0O and NKA, the lens isolation protocol and compression testing were adapted

from the methodology detailed in Section 3.2.3 (Biomechanical testing) of Chapter 3.
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The experimental design is modified exclusively by the introduction of a physiological

temperature (36 — 37°C).

For the initial comparative baseline experiments, the system was adjusted to evaluate
lenses under both room temperature and physiological conditions. For all subsequent
experiments involving AQP0O and NKA modulators, the microtester fluid bath chamber
was maintained exclusively within a strict physiological range (36 — 37°C) for the entire

duration of the mechanical compression.

All statistical analyses were performed using the protocols and software configurations
detailed in section 3.2.5 of Chapter 3. As previously described, the threshold for statistical
significance was established a priori at p < 0.05. To evaluate the independent effect of
temperature on lens stiffness and resilience, differences between the room-temperature and
physiological-temperature groups were analyzed using a two-tailed paired t-test to account
for the contralateral, inter-ocular experimental design. For the subsequent modulation
conducted exclusively at physiological temperature, treatment groups (zinc, Ht31, insulin, or
ouabain) were compared directly against their respective contralateral vehicle-treated control
lenses. Because these experiments utilized a matched-pair design (one drug-treated lens
versus one vehicle-treated fellow lens per chicken), statistical comparisons were performed
using two-tailed paired t-tests. Assumptions of normality were verified using the Shapiro-

Wilk test.
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5.2.1 Lens Treatment

Initial experiments evaluated the independent effect of temperature on lens stiffness and
resilience using a paired contralateral design (n=13). For each bird, one lens was incubated
in Tyrode’s solution at room temperature while the fellow lens was incubated in Tyrode’s

solution at physiological temperature.

Subsequent experiments investigated whether the room temperature biomechanical
changes observed in section 3.3 (Results) of Chapter 3 for aquaporin 0 (AQPO) and
Na®/KT-ATPase (NKA) modulators persisted or shifted under physiological temperature.
To modulate AQPO function, lenses were incubated in Tyrode’s solution (TS) for 15 mins
at 36 — 37°C with either zinc chloride (80 pg/ml; n=14; 4906845001, Millipore Sigma,
Oakville, Ontario, Canada) or the AQPO antagonist, st-Ht31 (10pM; n=14; 6286, Bio-
Techne Canada, Toronto, Ontario, Canada). To modulate NKA pump activity, lenses were
treated with NKA agonist insulin (150 nM; n=13; 16634, Millipore Sigma, Oakville, Ontario,
Canada) or NKA inhibitor ouabain (1 mM; n=14; 00200000, Millipore Sigma, Oakville,
Ontario, Canada). The corresponding contralateral lenses were incubated in TS under
identical thermal conditions. Solution osmolarity was verified prior to all experiments to
ensure no significant shifts occurred with the addition of agonists or antagonists. Before
microcompression testing, all lenses underwent a 1-minute rinse in fresh TS at physiological

temperature to remove residual treatment drugs.
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5.3 Results

5.3.1 The effect of temperature on the lens biomechanics

To assess the impact of temperature on lens biomechanics, the compression parameters
(b-coefficient and resilience) of paired contralateral lenses were compared between room
temperature and physiological temperature conditions. A paired t-test revealed that the
b-coefficient was significantly higher under physiological temperature, increasing from 4.947
+ 0.364 at room temperature to 5.193 £ 0.366 at physiological temperature (p = 0.040). In
contrast, lens resilience remained largely unaffected by thermal adjustments, showing no
significant difference between the physiological temperature (76.727 + 14.759) and room
temperature (78.693 + 8.594) with p = 0.716 (Fig. 5.1).
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Figure 5.1: Box plots of the biomechanical responses of lenses in Tyrode’s solution at
physiological (filled boxes) or room temperature (empty boxes). (A) Exponential stiffness
(b-coefficient) of lenses incubated at physiological temperature was significantly different
compared to room temperature controls (p = 0.040). (B) Resilience values showed no
significant difference between physiological and room temperature treatments (p = 0.716).
Data are presented as mean + sd (n = 13; paired t-test). Each pair of eyes is linked by
dashed grey lines. Dotted black line = mean; dotted solid lines = median.

5.3.2 The effect of the modulators of the AQP0 and NKA pump

on the lens biomechanics at physiological temperature

To evaluate the effects of AQPO activation at physiological temperature, lenses were treated
with the AQPO agonist zinc chloride. The b-coefficient did not differ significantly between
the zinc-treated (4.422 + 0.311) and control lenses (4.441 £+ 0.300; p = 0.075). Resilience
of the lenses was also unaffected by zinc treatment, measuring 73.192 + 11.165 compared

to 72.035 £ 8.074 in the control group (p = 0.713)(Fig. 5.2).
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Figure 5.2: Box plots of the biomechanical responses of lenses treated with zinc (filled
boxes) or vehicle (empty boxes) at physiological temperature. (A) Exponential stiffness
(b-coefficient) of lenses treated with zinc (80u/ml) showed no significant difference compared
to vehicle control (p = 0.075). (B) Resilience values showed no significant difference
between zinc and vehicle treatments (p = 0.713). Data are presented as mean + sd (n = 14;
paired t-test). Each pair of eyes is linked by dashed grey lines. Dotted black line = mean;
dotted solid lines = median.

Targeted inhibition of AQPO using the antagonist Ht31 did not yield statistically
significant alterations in lens biomechanics at physiological temperature. No significant
shifts were observed (Fig. 5.3) in the b-coefficient (4.555 £ 0.335 vs. control: 4.686 + 0.365;
p = 0.234) or lens resilience (80.383 + 7.391 vs. control: 76.069 + 9.621; p = 0.199).
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Figure 5.3: Box plots of the biomechanical responses of lenses treated with Ht31 (filled
boxes) or vehicle (empty boxes) at physiological temperature. (A) Exponential stiffness
(b-coefficient) of lenses treated with Ht31 (10pM) showed no significant difference compared
to vehicle control (p = 0.232). (B) Resilience values showed no significant difference between
Ht31 and vehicle treatments (p = 0.199). Data are presented as mean + sd (n = 14; paired
t-test). Each pair of eyes is linked by dashed grey lines. Dotted black line = mean; dotted
solid lines = median.

Stimulation of NKA pump activity with insulin did not significantly modify any of the
evaluated biomechanical properties at physiological temperature. The b-coefficient remained
stable between groups (4.786 4+ 0.594 vs. control: 4.718 4+ 0.700; p = 0.610). Likewise, lens
resilience under insulin treatment (77.131 £+ 11.495) was statistically indistinguishable from

control conditions (76.714 + 9.184; p = 0.894) (Fig. 5.4).
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Figure 5.4: Box plots of the biomechanical responses of lenses treated with insulin (filled
boxes) or vehicle (empty boxes) at physiological temperature. (A) Exponential stiffness
(b-coefficient) of lenses treated with insulin (100nM ) remained comparable to vehicle control
(p = 0.610). (B) Resilience values showed no significant difference between insulin and
vehicle treatments (p = 0.894). Data are presented as mean =+ sd (n = 13; paired ¢-test).
Each pair of eyes is linked by dashed grey lines. Dotted black line = mean; dotted solid
lines = median.

Inhibition of the NKA pump using ouabain similarly failed to induce significant biome-
chanical changes at physiological temperature. No significant differences were detected in
the b-coefficient (4.481 £ 0.716 vs. control: 4.621 + 0.764; p = 0.442) or in lens resilience,
which measured 49.516 + 19.056 in the ouabain-treated group compared to 54.637 + 21.828
in the controls (p = 0.329) (Fig. 5.5).
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Figure 5.5: Box plots of the biomechanical responses of lenses treated with ouabain (filled
boxes) or vehicle (empty boxes) at physiological temperature.(A) Exponential stiffness (b-
coefficient) of lenses treated with ouabain remained comparable to vehicle control (p = 0.442).
(B) Resilience values showing no significant difference between insulin and vehicle treatments
(p = 0.329). Data are presented as mean + sd (n = 14; paired t-test). Each pair of eyes is
linked by dashed grey lines. Dotted black line = mean; dotted solid lines = median.

5.4 Discussion

The observed increase in stiffness of lenses at physiological temperature compared to room
temperature (Fig. 5.1) without any modulators can be attributed to the baseline activation
of polymodal, mechanosensitive TRPV4 channels. Previous studies have demonstrated
that TRPV4 channels possess thermosensitivity and display baseline activity at normal
physiological body temperature [Delamere et al., 2020, Nakazawa et al., 2021]. In the ab-
sence of an agonist, baseline TRPV4 activity triggers a sustained influx of Ca*", which has
been shown to maintain the contractility of the actin cytoskeleton [Akepogu et al., 2026].

Additionally, TRPV4 can directly bind to the cytoskeletal network of tubulin and actin
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proteins and physically stabilize the microtubule network under basal conditions in the
dorsal root ganglion cells [Goswami et al., 2010]. Because TRPV4 (without any modulator)
functions as a homeostatic thermostat linking fluid transport to the cytoskeletal organi-
zation, it plays a vital role in maintaining lens hydrostatic pressure. This may explain
the elevated stiffness observed at physiological temperature while preserving biomechan-
ical resilience. Additionally, given that TRPV4 physically colocalizes with intercellular
junctional proteins such as N-cadherin and ZO-1 [Akepogu et al., 2026], enhanced thermal
activation of TRPV4 may further stabilize junctional complexes, thereby increasing struc-
tural resistance to deformation. In parallel, temperature-dependent changes in the lipid
bilayer may provide a complementary mechanism influencing AQPO water permeability.
Because AQPO water permeability is fundamentally dependent on its surrounding lipid
environment [Tong et al., 2013], elevated thermal energy at the physiological temperature
increases membrane fluidity through alterations in lipid-cholesterol organization and phase
behavior [de Almeida et al., 2003]. This enhanced fluidity can alter AQPO conformation
and transcellular water flux, thereby contributing to increased water content and elevated

lens stiffness observed at the physiological temperature [de Almeida et al., 2003].

Activation of AQPO by zinc at physiological temperature produced no significant change
in lens stiffness and resilience (Fig. 5.2), suggesting that, at physiological temperature,
compensatory homeostatic pathways, likely involving TRPV4-mediated calcium influx and
hemichannel-dependent ATP signaling, are sufficiently active to buffer zinc-induced shifts
in water permeability. These findings align with TRPV4’s role in osmotic and thermal
transduction in corneal epithelial cells [Lapajne et al., 2020]. Similarly, AQPO inhibition

with Ht31 (Fig. 5.3) failed to change lens stiffness and resilience at physiological temperature,
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despite showing clear effects at room temperature. Although Ht31 is a known inhibitor of
the AQPO water permeability that acts by disrupting PKA-AKAP anchoring and preventing
phosphorylation of AQPO [Reichow et al., 2013, Reichow and Gonen, 2008], these findings
can be explained by the hypothesis that increased temperature alters kinase and phosphatase
activity [Oehler-Jénne et al., 2008]. Specifically, at physiological temperatures, accelerated
enzymatic activity may sustain elevated levels of AQPO-phosphorylation, therefore overriding

competitive inhibition normally imposed by Ht31 competition.

Additionally, the absence of significant changes in any of the lens biomechanical parame-
ters at both room temperature and physiological temperature following NKA activation by
insulin (Fig. 5.4) and inhibition by ouabain (Fig. 5.5), suggests that the lens possesses ionic
homeostatic buffering capacities. This is likely maintained by reciprocal feedback between
TRPV1 and TRPV4 signaling pathways involving NKCC1 and NKA, respectively. These
findings align with the established role of the TRPV1/TRPV4 feedback loop in maintaining

lens zero surface pressure and volume homeostasis [Delamere et al., 2020].
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Chapter 6

Discussion and conclusion

The overall results of the thesis (Table 6.1) demonstrate that the chicken lens is an effective
physiological model for evaluating biomechanical regulation via the microcirculatory system
(MCS). Modulation of aquaporin 0 (AQPO0) water channel activity at room temperature
directly influenced lens hydrostatic pressure (water changes), indicating that AQP0-mediated
water flow or volume redistribution underlies the lens’s mechanical resistance to deformation.
In contrast, changes in lens biomechanics driven by Na™/KT-ATPase (NKA) modulation
appear to be connected to ionic and volume homeostasis. This suggests that the NKA
pump may primarily become active when ionic or volume homeostasis within the lens is

disturbed, as I observed in zinc-induced stress.

The confirmed protein expression of TRPV1 and TRPV4 in chicken lens tissue mirrors
mammalian patterns [Delamere and Shahidullah, 2021, Shahidullah et al., 2020], identify-

ing that TRPV1 and TRPV4 might operate through a reciprocal feedback loop to regulate
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pressure and volume regulation like mammals. These findings suggest that NKA modulation
operates through at least two distinct regulatory pathways: first, temperature-dependent
changes in TRPV4 likely mediated by Ca*" -triggered signaling cascades and hemichannels
opening; insulin-stimulated NKA activation appears to function independently of this

thermal modulation, pointing to a parallel mechanism for homeostatic buffering.

While TRPV4-mediated signaling was revealed by changing the experimental conditions
from room temperature to physiological temperature, it remains unclear whether or how
TRPV1 responds to noxious stimuli or osmotic imbalance. This study was restricted to
non-noxious physiological conditions; baseline TRPV1 activity may have remained below its
activation threshold. To evaluate TRPV1 function, future studies could investigate exposing
lenses to hyperosmotic stress to test whether reciprocal TRPV1 activation counteracts cell

shrinkage.

AQPO and NKA modulation at physiological temperature failed to show any effect
on lens biomechanics, suggesting that at body temperature, highly responsive, active
homeostatic networks, likely involving the TRPV1-TRPV4 feedback loop or some other
gating pathway, remain sufficiently active to buffer zinc-induced hydration changes or

completely override the structural gating efficiency of calmodulin.

Limitations of this study: the lens compression was applied using a microtester oriented
orthogonal to the lens’s physiological accommodation, which occurs at the equatorial
plane during zonule relaxation. While this directional loading aligns with previous studies
[Cheng et al., 2016], it remains to be determined whether lens stiffness and resilience vary

with the microbeam’s compression direction, such as axial versus equatorial deformation.
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Water permeability could not be measured directly following the application of AQPO
agonist or antagonist; instead, permeability changes were inferred indirectly by changing
osmolarity and observing changes in subcapsular gap size. Therefore, changes in lens
stiffness may reflect mechanisms independent of water permeability and hydrostatic pressure.
Future investigations could address these limitations by measuring MCS permeability using
magnetic resonance imaging [Lie et al., 2024], artificial proteoliposomes [Tong et al., 2013],
or microelectrode-manometer hydrostatic pressure profiling [Gao et al., 2011]. Additionally,
the current analyses largely rely on the assumption that the spatial distribution of key
MCS components, TRPV1, TRPV4, AQPO, and AQP5 in avian lenses mirrors that of

mammalian models, an expression profile that still requires confirmation in chicken lenses.

Moreover, intracellular calcium assays were not performed to directly verify whether
TRPV4 agonist or antagonist treatments induced the anticipated fluctuations in intracellular
calcium levels. The precise signaling cascades linking hydrostatic pressure variations to
protein trafficking (e.g., TRPV4 distribution) and the broader functional impact of gap
junction modulation on lens biomechanics also remain to be fully elucidated. Overall,
while this study provides foundational insights, the exact molecular, spatial, and structural

mechanisms governing these biomechanical responses require further elucidation.

In conclusion, given the presence of TRPV1, TRPV4, AQPO, and crystallins across
vertebrate species, these insights provide a valuable foundation for understanding the
precise cellular mechanisms and microcirculatory network that drive human lens stiffening
and early-onset presbyopia, ultimately opening novel avenues for developing targeted,
noninvasive therapeutic strategies for the aging lens. These findings highlight that the lens

microcirculatory system is more dynamically regulated at physiological temperatures and

111



the importance of conducting biomechanical assessments under physiologically relevant

temperature conditions to accurately capture the functional behavior of the living lens.
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Table 6.1: Summary of the biomechanical changes in the lens as indicated by the b-coefficient
and resilience under room and physiological temperatures (1 indicates increase, | indicates
decrease, and = indicates no change)

Channel/target Temp Modulator B-coeff Resilience
Aquaporin 0 (AQPO) 20-22°C Zinc T =
Ht31 + =

Sodium—potassium

ATPase pump (NKA) 20-22°C Insulin — _

Ouabain = =
Transient receptor
potential vanilloid 1 20-22°C Capsaicin = =
(TRPV1)

AMG 9810 = =
Transient receptor
potential vanilloid 4 20-22°C GSK1016790A = =
(TRPV4)

RN-1734 = =
AQPO + NKA 20-22°C Zinc + insulin = =

Zinc + ouabain vs. ouabain 0 $

Zinc + ouabain vs. zinc = +
TRPV1 36-37°C Capsaicin =

AMG 9810 = =
TRPV4 36-37°C GSK1016790A + +

RN-1734 1 =
AQPO 36-37°C Zinc =

Ht31 = =
NKA 36-37°C Insulin = =

Ouabain = =
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Appendix A

Supplementary Data

A.1 Linear relationship between coefficients

For all analyzed lenses, the fitting parameters of the exponential equation (y = yo + ae’)
exhibited strong linear interdependencies that were preserved across treatments. The
a-coefficient showed a negative linear relationship with both the b-coefficient (Fig. A.1)
and yo value (Fig. A.2), meaning that larger a-coefficient values are associated with smaller
b-coefficients and 1y values. Conversely, 1o value and the b-coefficient showed a positive
linear relationship (Fig. A.3), indicating that larger y, values are associated with larger
b-coefficient values.
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Figure A.1: Linear regression between the a-coefficient and b-coefficient for control and
treated lenses. A negative linear relationship was observed in both groups, indicating that
larger a-coefficients correspond to lower b-coefficients. C=control; T=treated
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Figure A.2: Linear regression between the a-coefficient and y, for control and treated
lenses. A negative linear relationship was observed in both groups, indicating that larger
a-coefficient values are associated with lower y, values. C=control; T=treated
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Figure A.3: Linear regression between the b-coefficient and g, for control and treated
lenses. A positive linear relationship was observed in both groups, indicating that larger
a-coefficient values are associated with larger yq values. C=control; T=treated

A.2 Coeflicients of lenses

We found that the treatment with zinc (Fig. A.4), an agonist of AQPO0, showed no signif-
icant change (p-value = 0.863) in the a-coefficient between treated (0.340 = 0.234) and
contralateral control lenses (0.348 4+ 0.124). Similarly, no significant change (p-value =
0.367) was observed in the yo value of treated lenses (-0.254 4+ 0.241) compared to control
lenses (-0.301 + 0.130). R? values were 0.999 + 0.002 for control lenses and 0.998 + 0.003
for treated lenses (p-value = 0.192).
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Figure A.4: Box plots of coefficients of the lenses treated with zinc and Tyrode’s solution at
room temperature. (A) shows the a-coefficient (p-value = 0.863); (B) shows the b-coefficient
(p-value = 0.001), (C) shows the baseline force value: yo (p-value = 0.367) and (D) shows
the R? values (p-value = 0.192). C=control; T=treated

Conversely, treatment of lenses with Ht31 (Fig. A.5), an inhibitor of AQPO0-calmodulin
binding, resulted in a significant increase (p-value = 0.011) in the a-coefficient, with treated
lenses demonstrating a mean of 0.313 4 0.243 relative to the control 0.132 4+ 0.243. Similarly,
significant change (p-value = 0.005) was observed in the y, value of treated lenses (-0.266
+ 0.239) compared to control lenses (-0.083 £ 0.065). R? values were 0.997 4+ 0.002 for
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control lenses and 0.999 + 0.001 for treated lenses (p-value = 0.030).
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Figure A.5: Box plots of coefficients of the lenses treated with Ht31 and Tyrode’s solution at
room temperature. (A) shows the a-coefficient (p-value = 0.011), (B) shows the b-coefficient
(p-value = 0.037), (C) shows the baseline force value: yy (p-value = 0.005), and (D) shows
the R? values (p-value = 0.030). C=control; T=treated

Next, we target the NKA pump with insulin (Fig. A.6), which is the agonist of the NKA
pump. We found no significant change in whole lens biomechanics. No significant shifts
were detected in the a-coefficient (p-value = 0.430; treated: 0.228 4+ 0.092, control: 0.252 +
0.010) or in the yo value (p-value = 0.927) of treated lenses (-0.195 £ 0.096) compared to
control lenses (-0.198 + 0.108). R? values were 0.999 4 0.002 for control lenses and 0.999 +
0.001 for treated lenses (p-value = 0.870).
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Figure A.6: Boxplot of coefficients of the lenses treated with insulin (100 nM) and Tyrode’s
solution at room temperature. (A) shows the a-coefficient, (B) shows the b-coefficient
(p-value = 0.214), (C) shows yo (p-value = 0.927), and (D) shows the R? values (p-value =

0.870). C=control; T=treated

To assess potential synergistic interaction between zinc and insulin, lenses were treated
with a combination of zinc and insulin (Fig. A.7). We found no significant deviation (p-value
= 0.737) in the a-coefficient (treated: 0.199 £ 0.087; control: 0.212 £ 0.131) or in the y,
value (p-value = 0.781) of treated lenses (-0.188 £ 0.091) compared to control lenses (-0.178
+ 0.129). R? values were 0.997 + 0.002 for control lenses and 0.997 + 0.004 for treated

lenses (p-value = 0.901).
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Figure A.7: Boxplot of coefficients of the lenses treated with the combination of zinc and
insulin and control lenses with Tyrode’s solution at room temperature. (A) shows the
a-coefficient (p-value = 0.737), (B) shows the b-coefficient (p-value = 0.937), (C) shows yq
(p-value = 0.781), and (D) shows the R? values (p-value = 0.901). C=control; T=treated

The treatment with ouabain, an inhibitor of the NKA pump, likewise did not significantly
affect lens biomechanics (Fig. A.8). There was no change in the a-coefficient (p-value =
0.591; treated: 0.269 £ 0.152, control: 0.250 + 0.152) or in the yo value (p-value = 0.514)
of treated lenses (-0.230 & 0.163) compared to control lenses (-0.205 4= 0.145). R? values
were 0.998 + 0.002 for control lenses and 0.999 + 0.002 for treated lenses (p-value = 0.029).
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Figure A.8: Boxplot of coefficients of the lenses treated with ouabain and Tyrode’s solution
at room temperature. (A) shows the a-coefficient (p-value = 0.591), (B) shows the b-
coefficient (p-value = 0.274), (C) shows yo: the baseline force value (p-value = 0.514), and
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(D) shows the R? values (p-value = 0.029). C=control; T=treated

When the zinc 4+ ouabain treatment group was compared to ouabain-alone controls
(Fig. A.9), the a-coefficient remained comparable (p = 0.495; treated: 0.322 4+ 0.118, control:
0.344 + 0.190). Similarly, no significant change (p-value = 0.333) was observed in the y
value of treated lenses (-0.267 + 0.119) compared to control lenses (-0.304 & 0.193). R?
values were 0.999 + 0.001 for control lenses and 0.999 £ 0.001 for treated lenses (p-value =

0.764).
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Figure A.9: Box plot of coefficients of the lenses treated with the combination of zinc
and ouabain and control lenses with ouabain only at room temperature. (A) shows the
a-coefficient (p-value = 0.495), (B) shows the b-coefficient (p-value = 0.001), (C) shows yg
(p-value = 0.333), and (D) shows the R? values (p-value = 0.764). C=control; T=treated

However, when the zinc 4+ ouabain group was compared to zinc-alone controls (Fig. A.10),
a significant shift emerged in the a-coefficient (p = 0.045; treated: 0.335 + 0.098, control:
0.275 £ 0.102). However, no significant change (p-value = 0.056) was observed in the y
value of treated lenses (-0.288 + 0.088) compared to control lenses (-0.236 & 0.090). R?
values were 0.999 + 0.001 for control lenses and 0.999 £ 0.000 for treated lenses (p-value =
0.169).
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Figure A.10: Boxplots of coefficients of the lenses treated with the combination of zinc and
ouabain and control lenses with zinc only at room temperature. (A) shows the a-coefficient
(p-value = 0.045), (B) shows the b-coefficient (p-value = 0.177), (C) shows yo (p-value =
0.056), and (D) shows the R? values (p-value = 0.169). C=control; T=treated

Treatment of lenses with TRPV4 agonists, GSK1016790A, at room temperature did
not show any significant change (Fig. A.15) in the a-coefficient (p = 0.654; treated: 0.161
+ 0.089, control: 0.153 £ 0.065) or y, value (p = 0.307; treated: -0.135 £ 0.134, control:
-0.102 4 0.074). R? values were 0.997 £ 0.002 for control lenses and 0.994 + 0.005 for
treated lenses (p-value = 0.085).
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Figure A.11: Boxplots of coefficients of the lenses treated with GSK1016790A and Tyrode’s
solution at room temperature. (A) shows the a-coefficient (p = 0.654), (B) shows the
b-coefficient (p = 0.275), (C) shows yo (p = 0.307), and (D) shows the R? values (p =
0.0852). C=control; T=treated

Targeted inhibition of TRPV4 using the antagonist RN 1734 at room temperature yielded
comparable results (Fig. A.12), showing no significant shifts in either the a-coefficient (0.166
+ 0.060 vs. control: 0.150 £ 0.060; p = 0.482) or y, value (p = 0.750; treated: -0.114 +
0.091, control: -0.010 & 0.010). R? values were 0.997 + 0.004 for control lenses and 0.998 =+
0.001 for treated lenses (p-value = 0.147).
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Figure A.12: Boxplots of coefficients of the lenses treated with RN 1734 and Tyrode’s
solution at room temperature. (A) shows the a-coefficient (p-value = 0.482), (B) shows
the b-coefficient (p-value = 0.635), (C) shows y (p-value = 0.750), and (D) shows the R?

values (p-value = 0.147). C=control; T=treated

Parallel experiments targeting the TRPV1 channel at room temperature reveal a similar
lack of mechanical responsiveness (Fig. A.13). The TRPV1 agonist capsaicin induced no
significant changes in the a-coefficient (0.154 + 0.071 vs. control: 0.176 + 0.053; p = 0.444)
or yo value (p = 0.615; treated: -0.125 & 0.085 vs. control: -0.108 + 0.071). R? values were
0.999 + 0.000 for control lenses and 0.999 + 0.000 for treated lenses (p-value = 0.314).
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Figure A.13: Boxplots of coefficients of the lenses treated with capsaicin (5 pM) and
Tyrode’s solution at room temperature. (A) shows the a-coefficient (p-value = 0.444), (B)
shows the b-coefficient (p-value = 0.822), (C) shows yy (p-value = 0.615), and (D) shows
the R? values (p-value = 0.314). C=control; T=treated

Furthermore, treating lenses with TRPV1 antagonist, AMG 9810, failed to elicit any
significant deviations (Fig. A.14) in the a-coefficient (0.152 4+ 0.057 vs. control: 0.139 +
0.037; p = 0.495) or yo value (p = 0.541; treated: -0.075 £ 0.068, control: -0.060 £ 0.057).
R? values were 0.999 + 0.001 for control lenses and 0.999 + 0.001 for treated lenses (p-value
= 0.769).
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Figure A.14: Boxplots of coefficients of the lenses treated with AMG 9810 (10 xM) and
Tyrode’s solution at room temperature. (A) shows the a-coefficient (p-value = 0.495), (B)
shows the b-coefficient (p-value = 0.847), (C) shows yy (p-value = 0.541), and (D) shows
the R? values (p-value = 0.769). C=control; T=treated

When incubated at physiological temperature, TRPV4 activation via GSK1016790A
did not change (Fig. A.15) the a-coefficient (0.112 £ 0.011 vs. control: 0.118 £ 0.074; p =
0.693) or the yo value (p = 0.403; treated: -0.063 + 0.059, control: -0.079 4 0.059). R?
values were 0.998 + 0.001 for control lenses and 0.997 £ 0.002 for treated lenses (p-value =
0.307).
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Figure A.15: Boxplots of coefficients of the lenses treated with GSK1016790A (100 n)M)
and Tyrode’s solution at physiological temperature. (A) shows the a-coefficient (p-value =
0.693), (B) shows the b-coefficient (p-value = 0.033), (C) shows y, (p-value = 0.403), and
(D) shows the R? values (p-value = 0.307). C=control; T=treated

Conversely, TRPV4 inhibition via the antagonist RN-1734 (Fig. A.16) left the a-
coefficient unaffected (0.090 £+ 0.027 vs. control: 0.095 £ 0.028; p = 0.552). Similarly, no
significant change (p-value = 0.506) was observed in the y, value of treated lenses (-0.026
+ 0.058) compared to control lenses (-0.038 £ 0.051). R? values were 0.994 + 0.005 for
control lenses and 0.996 + 0.002 for treated lenses (p-value = 0.144).
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Figure A.16: Boxplots of coefficients of the lenses treated with RN 1734 and Tyrode’s
solution at physiological temperature. (A) shows the a-coefficient (p-value = 0.552), (B)
shows the b-coefficient (p-value = 0.020), (C) shows yy (p-value = 0.506), and (D) shows
the R? values (p-value = 0.144). C=control; T=treated

Unlike the changes observed within the TRPV4 channel, the TRPV1 channel remained
unresponsive at physiological temperature (Fig. A.17). Exposure to the TRPV1 agonist
capsaicin induced no significant changes in the a-coefficient (0.110 4+ 0.030 vs. control:
0.121 4+ 0.035; p = 0.192) or the yo value (p = 0.264; treated: -0.049 + 0.051, control:
-0.068 4 0.051). R? values were 0.998 + 0.001 for control lenses and 0.997 + 0.002 for
treated lenses (p-value = 0.130).
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Figure A.17: Boxplots of coefficients of the lenses treated with capsaicin (5 pM) and
Tyrode’s solution at physiological temperature. (A) shows the a-coefficient (p-value =
0.192), (B) shows the b-coefficient (p-value = 0.576), (C) shows y, (p-value = 0.264), and
(D) shows the R? values (p-value = 0.130). C=control; T=treated

Similarly, the treatment with the TRPV1 antagonist AMG 9810 failed to elicit any
statistically significant (Fig. A.18) changes (Fig. 4.9) in the a-coefficient (0.113 + 0.025
vs. control: 0.122 + 0.029; p = 0.214) or the y, value (p = 0.884; treated: -0.060 + 0.052,
control: -0.062 + 0.041). R? values were 0.998 + 0.001 for control lenses and 0.998 + 0.003
for treated lenses (p-value = 0.901).

To assess the impact of temperature on lens biomechanics, the compression parameters
of paired contralateral lenses were compared under room-temperature and physiological-
temperature conditions (Fig. A.19). A paired t-test revealed a statistically significant
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Figure A.18: Boxplots of coefficients of the lenses treated with AMG 9810 (10 pM) and
Tyrode’s solution at physiological temperature. ((A) shows the a-coefficient (p-value =
0.214), (B) shows the b-coefficient (p-value = 0.597), (C) shows yo (p-value = 0.884), and
(D) shows the R? values (p-value = 0.901). C=control; T=treated
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reduction in the a-coefficient at physiological temperature (0.078 + 0.017) compared to
room temperature (0.175 £+ 0.081; p = 0.001). Similarly, a significant change was observed
in the yo value (p = 0.000; treated: -0.020 & 0.045, control: -0.107 4 0.069). R? values
were 0.999 + 0.000 for control lenses and 0.998 + 0.001 for treated lenses (p-value = 0.000).
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Figure A.19: Boxplots of coefficients of the lenses incubated in Tyrode’s solution at room
versus physiological temperature. (A) shows the a-coefficient (p-value = 0.001), (B) shows
the b-coefficient (p-value = 0.040), (C) shows yy (p-value = 0.000), and (D) shows the R?
values (p-value = 0.000). C=control; T=treated

To evaluate the effects of AQPO activation at physiological temperature, lenses were
treated with AQPO agonist zinc (Fig. A.20). Zinc treatment resulted in a statistically
significant increase in the a-coefficient (0.305 + 0.1087) compared to contralateral controls
(0.235 4+ 0.076; p = 0.016). Similarly, a significant change was observed in the yo value (p
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= 0.032; treated: -0.222 + 0.111, control: -0.166 + 0.080). R?* values were 0.999 + 0.001
for control lenses and 0.999 + 0.001 for treated lenses (p-value = 0.897).
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Figure A.20: Boxplots of coefficients of the lenses treated with zinc (80 pug/mL) and Tyrode’s
solution at physiological temperature. (A) shows the a-coefficient (p-value = 0.016), (B)
shows the b-coefficient (p-value = 0.785), (C) shows yo (p-value = 0.032), and (D) shows
the R? values (p-value = 0.897). C=control; T=treated

Targeted inhibition of AQPO using the antagonist did not yield statistically significant
alterations in lens biomechanics at physiological temperatures (Fig. A.21). The a-coefficient
showed a marginal, non-significant trend toward an increase in HT31-treated lenses (0.290
+ 0.075) relative to controls (0.232 + 0.068; p = 0.059). However, a significant change was
observed in the yy value (p = 0.046; treated: -0.216 4 0.083, control: -0.159 + 0.079). R?
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values were 0.999 £ 0.000 for control lenses and 0.999 £ 0.000 for treated lenses (p-value =
0.549).
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Figure A.21: Boxplots of coefficients of the lenses treated with Ht31 (10 xM) and Tyrode’s
solution at physiological temperature. (A) shows the a-coefficient (p-value = 0.059), (B)
shows the b-coefficient (p-value = 0.234), (C) shows yo (p-value = 0.046), and (D) shows
the R? values (p-value = 0.549). C=control; T=treated

Stimulation of NKA pump activity with insulin did not significantly modify any of
the evaluated biomechanical properties at physiological temperature (Fig. A.22). The
a-coefficient for insulin-treated lenses was 0.247 + 0.313, which did not differ significantly
from vehicle-treated controls (0.375 &+ 0.452; p = 0.414; p = 0.150). Similarly, no significant
change was observed in the yy value (p = 0.112; treated: -0.176 £ 0.300, control: -0.303 +
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0.429). R? values were 0.995 £ 0.008 for control lenses and 0.996 £ 0.004 for treated lenses
(p-value = 0.288).
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Figure A.22: Boxplots of coefficients of the lenses treated with insulin and Tyrode’s solution
at physiological temperature. (A) shows the a-coefficient (p-value = 0.150), (B) shows the
b-coefficient (p-value = 0.610), (C) shows yo (p-value = 0.112), and (D) shows the R? values
(p-value = 0.288). C=control; T=treated

Inhibition of the NKA pump using ouabain similarly failed to induce significant biome-
chanical changes at physiological temperature (Fig. A.23). The a-coefficient remained the
same between the ouabain-treated and control lenses (0.117 £+ 0.030 vs. 0.117 £ 0.035,
respectively; p = 0.997). Similarly, no significant change was observed in the yo value (p =
0.183; treated: -0.119 4 0.060, control: -0.083 + 0.067). R? values were 0.994 4+ 0.005 for
control lenses and 0.993 + 0.005 for treated lenses (p-value = 0.455).
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Figure A.23: Boxplots of coefficients of the lenses treated with ouabain and Tyrode’s
solution at physiological temperature. (A) shows the a-coefficient (p-value = 0.997), (B)
shows the b-coefficient (p-value = 0.442), (C) shows yy (p-value = 0.183), and (D) shows
the R? values (p-value = 0.455). C=control; T=treated

A.3 Force decay slope during the 5-second hold phase

During the 5-second hold phase under constant displacement, the negative force slope
reflects the lens’s intrinsic viscoelastic properties. A steeper negative slope indicates that
the lens dissipates internal stress more rapidly through viscoelastic relaxation (Table A.1).
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Figure A.24: Boxplots of the force decay during the 5-second hold phase under constant
displacement for lenses treated with RN 1734 and Tyrode’s solution at physiological
temperature. Lenses treated with RN 1734 exhibited a significant increase in the slope
magnitude compared to control lenses (p-value = 0.037). C=control; T=treated
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Figure A.25: Boxplots of the force decay during the 5-second hold phase under constant
displacement for lenses treated with a combination of zinc and insulin and Tyrode’s solution
at room temperature. Lenses treated with the combination of zinc and insulin exhibited a
significant increase in the slope magnitude compared to control lenses (p-value = 0.049).
C=control; T=treated
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Table A.1: Summary of the hold-phase relaxation slopes under room and physiological
temperatures (1 indicates increase, | indicates decrease, and = indicates no change)

Channel/target Temp Modulator Slope of hold p-value
Aquaporin 0 (AQPO) 20-22°C Zinc = 0.318
Ht31 = 0.114
Sodium—potassium . . _
ATPase pump (NKA) 20-22°C Insulin = 0.227
Ouabain = 0.399
Transient receptor
potential vanilloid 1 20-22°C Capsaicin = 0.146
(TRPV1)
AMG 9810 = 0.370
Transient receptor
potential vanilloid 4 20-22°C GSK1016790A = 0.058
(TRPV4)
RN 1734 = 0.524
AQPO + NKA 20-22°C Zinc + insulin T 0.049
Zinc + ouabain vs. ouabain = 0.528
Zinc + ouabain vs. zinc = 0.053
TRPV1 36-37°C Capsaicin = 0.134
AMG 9810 = 0.643
TRPV4 36-37°C GSK1016790A = 0.524
RN 1734 T 0.037
AQPO 36-37°C Zinc = 0.172
Ht31 = 0.228
NKA 36-37°C Insulin = 0.477
Ouabain = 0.426
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