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Abstract 
 

The ocular lens is a dense avascular structure composed of a bulk of terminally differentiated 

elongated fibre cells. During differentiation, lens fibre cells lose their nuclei and organelles and are laid 

down in successive layers to create a pseudocrystalline cellular architecture, where extracellular space 

dimensions are kept below the wavelength of visible light. Disruption of this precise structural 

arrangement leads to the development of cataract and eventual blindness. Differences in membrane 

transport within different regions of the lens, connected by gap junctions, are thought to generate a 

unique microcirculatory system which is essential for lens transparency - regulating tissue volume and 

ionic homeostasis and supplying internalised fibre cells with metabolic and antioxidant support. While 

the spatial differences in membrane transport thought to drive the lens internal circulation system have 

been inferred from intact-lens measurements, they have not yet been confirmed at the cellular level. 

Problems isolating and working with lens fibre cells has lead to a historical lack of information 

about the role of these cells in lens physiology. This thesis describes the development and 

characterisation of a viable isolated fibre cell preparation, representing the first investigation of 

physiological membrane behaviour in single fibre cells isolated from the rat lens. It was found that by 

blocking non-selective cation channels activated by fibre cell dissociation with ionic gadolinium, 

isolated fibre cells of a range of lengths could be maintained viable for several hours in the presence of 

physiological [Ca2+]o. Furthermore, fibre cell length in vitro was similar to that measured in the intact 

lens, allowing the spatial localisation of measured membrane properties within the outer lens cortex. 

The measured membrane properties of isolated fibre cells indicate that membrane conductances are 

altered during fibre cell differentiation, thus creating spatial differences in membrane transport across 

the lens radius.  The measured transition from K+-selectivity towards Na+/Cl- selectivity during fibre 

cell elongation confirms inferred properties derived from intact-lens studies. These alterations in the 

membrane properties of differentiating fibre cells are arranged spatially in a manner appropriate for the 

generation of the circulating ion fluxes thought to form the lens internal circulation system. 

To investigate the role of fibre cell membrane properties in both physiological and pathological 

circumstances, modulation of fibre cell membrane properties was demonstrated by osmotic and 

pharmacological means. Data obtained indicates that fibre cells respond to osmotic or metabolic insult 

by altering their membrane behaviour. The physiological and pathological alteration in fibre cell 

membrane properties described directly answers significant outstanding questions in lens physiology, 

and has the potential to generate new therapeutic interventions in the development of cataract 
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Chapter 1 

Introduction 

1.1 The lens cataract epidemic 

“.. there are currently 38 million blind persons in the world…..and some 16 
million are blind due to un-operated cataract….more than one billion people 
will be over 60 years old by 2025 and, as populations age, the burden of 
chronic diseases will increase…”  

World Health Organisation statement - Geneva, 6th September 2004 

The term cataract covers a family of ocular pathologies where the lens loses transparency and 

degrades the image-forming ability of the eye. Cataract is the leading cause of blindness in the world 

today (Solomon and Donnenfeld, 2003). Lens cataract has a multiplicity of risk factors but by far the 

greatest is that of age. In New Zealand alone, the number of people aged 65 and above is expected to 

more than double by 2051 (Statistics NZ, 2004). Further risk factors include diabetes, exposure to 

ultraviolet light and environmental toxins (Brown, 1996). With the New Zealand population aging, 

cataract risk-enhancing diseases such as diabetes on the rise, and some of the highest levels of ambient 

ultraviolet light exposure anywhere in the world, New Zealanders are clearly vulnerable to lens 

cataract.  

Depending on the location of the opacity, cataract patients may initially notice increased glare in 

daylight or halos around lights while driving at night, loss of visual contrast, and blurring of vision, all 

of which become more severe as the cataract progresses. Thus far, although certain drug therapies 

have shown promise in delaying disease progression in defined cases (Bunce, 1994; Kilic et al., 1999), 

the only effective treatment for end-stage cataract is surgical extraction. Cataract surgery is probably 

the single most effective operation performed in medicine, and certainly is one of the most commonly 

performed (Riley et al., 2001). The current procedure leaves the posterior capsule of the lens in place, 

where an artificial intraocular lens (IOL) is placed to compensate for loss of refractive power 

contributed by the native lens. 

While effective, this treatment strategy imposes significant financial and sociological costs on 

both the patient and the health system. These could potentially be avoided if more was known about 

the pathogenesis of cataract as a deviation from the normal functioning of the lens as a physiological 

system. Preventative or palliative strategies which could halt or delay the onset of cataract in vulnerable 

patients would have substantial benefits, both in terms of quality of life for the sufferers as well as 

allowing reallocation of health spending to other areas. Rational design of anti-cataract therapies would 

thus provide both economic as well as social benefits to both patients and the community as a whole. 
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1.2 Ocular anatomy 

The eye is a specialised structure which provides us with a view of the world around us by 

converting incident light into electrical signals that are interpreted by the brain. A number of optical 

components, including the ocular lens, work together to collect, focus and transduce the light into a 

coherent image. These components are arranged serially along the visual axis, with light passing 

through the cornea, aqueous humour, ocular lens and vitreous humour to ultimately impinge upon the 

retina (Figure 1). The eye itself is contained within and supported by the bony orbital cavity, and co-

ordinated movement is provided by three pairs of extraocular muscles. The anterior aspect of the eye 

is covered by moveable eyelids, which protect the cornea by constantly distributing a lubricating layer 

of lachrymal fluid – the “tear film” – over its surface.  
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Figure 1 - Anatomy of the ocular globe 
(adapted from educational resources made available by the National Eye Institute, National Institute of Health, USA) 
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1.2.1 The cornea 
The cornea is a transparent, multilayered structure which forms the collective element of the 

optical light path, imparting a large fraction of the overall optical power of the eye and providing a 

tough, transparent protective covering for the anterior globe (Figure 1). Since it is avascular, the central 

cornea receives nourishment primarily from the aqueous humour which fills the anterior chamber 

(Figure 2) and from the tear film - secreted by the lachrymal gland and associated tissues.  

The corneal epithelium comprises around 5 layers of stratified epithelial cells, and occupies 

about 10 percent of the tissues thickness. The epithelium blocks the passage of foreign material into 

the deeper layers of the cornea, and provides a smooth surface for absorption of oxygen and nutrients 

contained in the tear film. The stroma is located beneath the epithelium and consists of a structured 

network of layered protein fibres interspersed with the fibroblastic cells that maintain it. The shape, 

arrangement, and spacing of the protein fibres are essential in producing the cornea's light-refracting 

transparency, which can be disrupted by osmotic disturbance (Hodson, 1997). 

The corneal endothelium is a monolayer of cuboidal cells at the posterior surface of the cornea. 

There is a standing osmotic gradient driving fluid into the stroma, and the endothelium functions to 

pump out excess fluid from the stroma, thereby preventing stromal oedema and maintaining corneal 

transparency (Fischbarg and Maurice, 2004; Fischbarg and Diecke, 2005). Once endothelial cells are 

destroyed by disease or trauma, they are lost forever. If too many endothelial cells are destroyed, 

corneal oedema and blindness ensue with corneal transplantation the only available therapy. 

1.2.2 The sclera and retina 
The borders of the cornea are continuous with the tough, elastic sclera which forms the outer 

layer of the remainder of the ocular globe – the “white of the eye” (Figure 1). The sclera consists of 

tightly-packed elastic and reinforcing fibres such as elastin and collagen which provide mechanical 

protection for the ocular globe and attachment for the extraocular muscles. Beneath the sclera is a 

vascular layer (the tunica vascularis) which nourishes the sclera. Its pigmented structure prevents 

internal reflections within the eyeball. The posterior of the eye also contains the choroidal layer, a 

highly vascular tissue which supplies the retina and associated tissues with metabolic support. 

The retina is a multi-layered tissue, containing the highly-sensitive photoreceptor cells (so-called 

“rods” and “cones”) which form the primary phototransductive elements. These remarkable cells are 

sensitive to incident light over the visual spectrum (λ~400-700nm), and can respond to such 

stimulation with almost single-photon efficiency, encoding visual information in trains of action 

potentials. Visual signals are passed on to the complex neural networks of the retina itself, where 

specialised neuronal cell types ramify and communicate between its various layers to perform primary 

processing of visual information, which then reaches the brain via the optic nerve.  
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The optic nerve inserts into the rear of the eye with its large bundle of nerve fibres and 

attendant blood vessels. Its insertion produces an area where there are no image-forming components 

– the optic disc or “blind spot” of the eye. Nearby to the optic disc is an area of incredibly dense 

innervation where photoreceptors and attendant structures are packed together to form the area of 

highest visual acuity – the fovea – which is aligned with the visual axis (Figure 1).  

1.2.3 The ciliary body and associated structures 
Extending anteriorly from the choroid are the ciliary body and trabecular meshwork, the two 

structures which act in concert to secrete and reabsorb the aqueous humour (Figure 2). This fluid fills 

the anterior chamber of the eye, providing the intraocular pressure which maintains ocular shape and 

corneal curvature, and nourishing the cornea and ocular lens. The ciliary body consists of a 

collagenous, vascular stromal layer covered by a double layer of pigmented and non-pigmented 

epithelial cells in anterior apposition. These cell layers, connected by gap junctions, form the secretory 

pathway for the aqueous humour. The ciliary body can be divided into two structural zones, the pars 

plana which is continuous with the choroid in a flat, pigmented structure, and the pars plicata which 

extends out towards the ocular lens in a multitude of finger-like ciliary processes, to which the lens is 

tethered by strong suspensory ligaments (Figure 2). 
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Figure 2 - Aqueous humour secretion, circulation and outflow from anterior chamber 
(modified from educational resources made available by the National Eye Institute, National Institute of Health, USA) 
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Anterior to the ciliary body is the iris (Figure 2), a ring-like pigmented muscular structure which 

allows the amount of light entering the eye to be dynamically varied by altering the size of the pupil. 

This process is analogous to the aperture control of a camera, and is under autonomic control via 

feedback from the retinal surface. The iris also contains pigment, whose composition varies from 

person to person and gives the eye its characteristic colour. At the margins of the iris is the diffuse 

structure known as the trabecular meshwork, a matrix of collagen filaments, smooth muscle fibres and 

attendant proteins which act to govern the drainage of the aqueous humour from the anterior 

chamber via the Canal of Schlemm (Figure 2). This meshwork is lined by trabecular cells which 

maintain the hydration state of the of the meshwork as well as serving a phagocytic role by removing 

debris from the aqueous humour.  

As well as fulfilling this critical secretory role, the tips of the ciliary body which form the pars 

plicata tether the ocular lens via suspensory ligaments that insert into the collagenous lens capsule at 

the equatorial margin (Figure 2). These ligaments provide tension to keep the lens centrally located at 

rest and to transmit changes in tension to the lens during change of focus, or accomodation. Although 

the lens has less refractive power than the cornea (15 D vs. 45D), the lens alone possesses the ability to 

dynamically change its shape, and therefore its refractive power (Davson, 1980). Running around the 

outside of the ciliary body behind the iris are the ring like ciliary muscles which provide the motive 

force for this adaptive process. Intraocular pressure at rest causes the lens to stretch equatorially, 

flattening out the optically-active surfaces and reducing optical power for distance vision. For close 

vision, the ciliary muscles contract, narrowing the anterior opening of the anterior chamber and 

allowing the lens to relax by relieving tension on the suspensory ligaments.  

The ability of the human lens to accommodate decreases with age (~8D by age 40 and 1-2 D by 

age 60) in a process known as presbyopia. This is thought to occur because the lens continues to grow 

throughout life and changes shape less readily as it becomes larger and stiffer. Stiffening of the lens 

itself has been attributed variously to the continuous addition of further shells of fibre cells to its 

exterior, the accumulation of cholesterol which stiffens cell membranes, and remodelling or cross-

linking of structural proteins in a gradual, age-related process (Bron et al., 2000). 
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1.3 Ocular embryology and lentogenesis 

The eye begins to develop early in embryogenesis as flattened “optic areas” astride the anterior 

end of the neural groove, which subsequently invaginate to form the optic vesicles (Figure 3B). The 

outer surface of the developing optic vesicle eventually contacts the overlying ectodermal layer, from 

which the cornea and ocular lens will arise (Robinson and Lovicu, 2004). This ectodermal layer 

thickens to form the lens placode which caps the optic vesicle before itself invaginating to form the 

lens pit, and ultimately the internalised lens vesicle (Figure 3C).  

It is interesting to note that in contrast to later life, the developing lens temporarily possesses a 

blood supply - the tunica vasculosa lentis - which forms at this developmental stage from a branch of the 

retinal hyaloid artery. This arterial supply provides nutritional support for the developing lens prior to 

formation of the anterior chamber and aqueous humour secretion. The vascular network disappears 

before parturition in humans but can persist for a short postnatal period in lower vertebrates, including 

rat and mouse (Robinson & Lovicu, 2004).  

The interior of the lens vesicle is lined with columnar epithelial cells, the most posterior of 

which begin to elongate anteriorly to occlude the lumen of the vesicle and become “primary” lens 

fibre cells (Figure 3F). The anterior epithelium remains attached to its capsular basement membrane 

with its apical aspect facing the vesicular lumen. Contact with elongating fibre cells from the posterior 

capsule forms an apical-apical interface between the anterior epithelium and underlying fibre cells at 

the anterior subepithelial surface. Thus the ocular lens has been described as a “simple” folded 

epithelium (Zampighi et al., 2000), composed of a single layer of cells which folds at the posterior pole 

to internalise a portion of itself as the lens nucleus. The fibre cells, which maintain their apical-

basolateral polarity until losing contact with the capsule, can therefore be viewed as a specialised 

elongated epithelial cell type. 
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Figure 3 - Eye development in vertebrates. A. Optic area formation. B. Optic vesicle formation C. Lens placode 
induction. D, E. Ontogeny of the ocular lens and retina. F. Sagittal section of the developing eye. 
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1.4 Lens growth and cellular life cycle 

The lens continues to grow throughout life by laying down concentric layers of “secondary” 

fibre cells in a process of cell division, differentiation, elongation and maturation under strict 

developmental control (Bassnett and Beebe, 2004). New fibres are derived from the “germinative 

zone” in the antero-lateral epithelium where cells divide and elongate in the antero-posterior direction, 

infiltrating under the lens capsule and extending towards the anterior and posterior poles (Figure 4A). 

Cellular differentiation is accompanied by an alteration in cytoskeletal protein composition (Walker 

and Menko, 1999; Lee et al., 2000), membrane adhesion molecules (Ferreira-Cornwell et al., 2000; 

Beebe et al., 2001; Zelenka, 2004), and other membrane protein expression (Watanabe et al., 1992; 

Donaldson et al., 1995; Donaldson et al., 2001a; Grey et al., 2003) as the descendant fibre cells begin 

to assume their terminally-differentiated form which differs substantially from their epithelioid 

progenitors. In the human, mature fibre cells can be millimetres in length, with a cellular cross-section 

measured in microns.  

The dense packing of cortical fibre cells minimises the extracellular space and produces a 

characteristic flattened hexagonal cellular cross-section (Figure 4B). New fibre cells are laid down in 

radially-organised columns in the lens cortex, but this precise order is gradually lost deeper in the lens 

where the columns become disorganised and the cell morphology less hexagonal (Kuszak and 

Costello, 2004). Fibre cells are continuously generated throughout the life of the organism, and the 

deepest cells, originally laid down during embryogenesis, are permanently internalised within the lens 

structure forming the “embryonic nucleus” (Figure 4B). Fibres elongating from opposite hemispheres 

of the lens meet and interdigitate at its anterior and posterior aspect to form the “sutures” (Figure 4C). 

These structures form characteristic patterns in the lenses of various species, and have also been 

shown to change with age (Kuszak et al., 1984; Kuszak et al., 2004). As well as providing mechanical 

connection for the tips of elongated cells, the lens sutures have been proposed as preferential pathways 

for substance movement within the lens (Mathias et al., 1997; Zampighi et al., 2000; Kuszak and 

Costello, 2004), a speculation supported by ultrastructural observation of wider extracellular clefts in 

the anterior and posterior polar regions (Gorthy and Anderson, 1980).  

The continuous nature of fibre cell growth means that an axial section through the lens contains 

within it cells which represent all stages of the differentiation process (Bassnett and Beebe, 2004). Such 

sections provide a look “back in time” through the life-cycle of the fibre cells, and also of the organism 

from which the lens was taken. Successive shells of fibre cells can therefore be divided into zones 

formed at different stages of life (Figure 4B), each shell containing cells of similar age and morphology. 
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Figure 4 - Ocular lens anatomy. A – Anatomy of the lens, partially dissected. B – Spherical shells of lens cells, 
related to developmental origin. C – Detail of polar sutures, showing complex interdigitation of fibre cells and their 
hexagonal cross-section. Adapted from (Kuszak and Costello, 2004) 
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1.4.1 Anterior epithelium 
The lens epithelium is a monolayer of cuboidal cells attached to the anterior capsule with their 

apical domains facing inwards (Figure 5). Epithelial cells contain Na+/K+ ATPase pumps and a variety 

of ion channels, and are highly coupled by gap junctions (Cx43) in their lateral membranes. “Leaky” 

tight junctions connect cells of the anterior epithelium, creating a semi-permeable barrier to the entry 

of some substances into the lens (Zampighi et al., 2000). At the lateral margins of the epithelial sheet, 

there is a zone of proliferating cells – the “germinative zone” (Figure 5). Cells in the germinative zone 

are active in the cell cycle, dividing and giving rise to daughter cells which migrate posteriorly and 

begin the process of differentiation into fibre cells. Cell division in the germinative zone is stimulated 

by a number of growth factors, including FGF, IGF, EGF and PDGF (Menko, 2002). The process of 

differentiation begins with the withdrawal of epithelial cells from the cell cycle by suppression of Src 

kinase in response to some factor whose concentration varies between the vitreous and aqueous 

compartments (Lovicu et al., 1995) and establishes a gradient for their differentiation (Chamberlain 

and McAvoy, 1989). It has been shown in cultured rat lens epithelia that exposure to low 

concentrations of FGF causes cell proliferation, higher concentrations cause migration, and still higher 

concentrations lead to differentiation into fibre cells (Chamberlain and McAvoy, 1989). The precursor 

fibre cells thus formed then begin a process of migration, elongation and differentiation which results 

in their incorporation into the crystalline cellular array of lens fibre cells.  
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Figure 5 – Axial cross-section of the lens, showing cell types and anatomical landmarks.   

Cell types: epithelial cells, differentiating fibre cells, mature fibre cells. 
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1.4.2 Differentiating fibre cells 
During early differentiation, as young fibre cells undergo rotation and elongation, the leading 

apical ends of the new fibre cells remain attached at a common point, forming a dense sub-epithelial 

structure called the modiolus (Figure 5). Deep to the modiolus, elongation of cells proceeds in both the 

anterior and posterior directions simultaneously. This process continues until the migrating fibre cell 

ends come into contact with opposing cell tips from the opposing hemisphere at the lens sutures 

(Figure 4B). In the embryonic chick, the footplate ends of new fibre cells migrate along the capsule at 

a rate of ~120 μm/day (Bassnett et al., 1999). This elongation rate remains relatively constant, 

although the “transit time” to reach sutures increases as lens diameter increases (Bassnett and Beebe, 

2004). Fibre cells lose contact with the posterior capsule and anterior epithelium when they are 

approximately 200 μm deep from the capsule at the equator (Bassnett and Beebe, 2004). This 

measurement is consistent between lenses of different species (chicken, frog, rat), with around two 

thirds of lens cells retaining a direct connection to the posterior chamber (Zampighi et al., 2000). 

Differentiating fibre cells elongate rapidly (~148 μm/day) in chick lens (Bassnett and Winzenburger, 

2003) in a coordinated process underpinned by volume expansion through cytoplasmic accumulation 

of K+ (Beebe et al., 1982; Parmelee and Beebe, 1988). Formation of sutures and detachment from the 

posterior capsule appear to trigger the loss of cytoplasmic organelles and transformation into “mature” 

fibre cells (Figure 5). 

Cell adhesion and substrate interaction via integrin signalling cascades have been shown to be 

key in induction and control of fibre cell differentiation (Beebe et al., 2001; Menko, 2002; Zelenka, 

2004), and are likely to be involved in regulating subsequent transformations. Fibre cell interdigitation 

at the sutures triggers expression of vinculin and an increase in F-actin (Beebe et al., 2001), while 

detachment from the capsule produces a reduction in N-cadherin staining and redistribution of 

adhesion complexes at migrating cell tips as cells become internalised (Beebe et al., 2001). Newly 

differentiated cells have a relatively “smooth” membrane morphology, with lateral interdigitations 

arising from the apices of their hexagonal structure (Kuszak and Costello, 2004). Membrane 

complexity increases as cells become fully elongated and are compacted by overlying layers, reflecting 

changes in cell hydration, adhesion and cytoskeletal architecture (Bassnett and Beebe, 2004). 

As the cells progress along the path to maturity, there is expression of fibre-cell-specific proteins 

including gap junctions (Cx46/50), crystallins and cytoskeletal proteins (Beebe et al., 2001). There is 

also a reduction in expression of epithelial proteins, especially membrane ion channels (Mathias and 

Rae, 2004). Fibre cells contain high levels of specialised soluble cytoplasmic proteins, the crystallins, 

which exist in solution at very high concentrations (up to 33% of wet tissue weight).  
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1.4.3 Apoptosis interruptus? 
The loss of cytoplasmic organelles in the final stages of fibre cell maturation is a necessity for 

optical transparency, since these small, membrane-bound structures would otherwise scatter light and 

degrade optical performance. Nucleated cells at the lens periphery are shadowed by the iris, and thus 

the presence of organelles at the equator is not detrimental to lens transparency. The process by which 

organelles are degraded shares many features of apoptosis, but has been referred to as “attenuated”, 

since the cascades of pro-apoptotic signalling do not result in complete cellular degradation (Dahm, 

1999; Wride, 2000). The initiating event for organelle elimination is at present unknown, but the radial 

location coincides with a number of anatomical and developmental cues, such as the loss of capsular 

contact, formation of sutures, and internalisation beneath overlying layers of new fibres. The border of 

the organelle-free zone (OFZ, Figure 5) is also the site of other key events in fibre cell maturation, 

including cleavage and remodelling of connexins (Jacobs et al., 2004) and components of the 

cytoskeleton (Beebe et al., 2001).  

It appears that elements of the apoptotic cascade are selectively utilised to degrade intracellular 

organelles, although full apoptosis is somehow suppressed (Wride, 2000). Differences from apoptosis 

include the persistence of the actin cytoskeleton (although other cytoskeletal components such as 

spectrin undergo extensive remodelling), maintenance of the phosphatidylserine distribution between 

inner and outer plasma membrane layers, and a lack of membrane blebbing and phagocytosis (Bassnett 

and Beebe, 2004). Apoptotic features of organelle loss include chromatin condensation and 

marginalisation, TUNEL-positive DNA cleavage and ejection of fragments into the cytoplasm 

(Bassnett and Mataic, 1997). The pro-apoptotic caspase enzyme cascade is thought to be involved in 

some steps in this process, although work is continuing in this area (Dahm, 1999). 

The loss of organelles in mature fibre cells is a rapid process – in the chick lens, mitochondria 

and endoplasmic reticulum are lost over 2-4 hr in any given cell (Bassnett and Beebe, 1992), and the 

organelle free zone (OFZ) expands at a rate of ~20 cell widths/day (Bassnett, 2002). Once established 

(around embryonic day 12 in the chick), the OFZ grows in size at a similar rate to that of the entire 

lens (Beebe et al., 2001). Thus, the internalised lens nucleus – composed of mature, anuclear fibre cells 

– continues to grow in size throughout life, supported by an external shell of younger cells in contact 

with the external environment. In the absence of a blood supply, these internalised cells are entirely 

dependant on these external cells for nutrient supply and waste removal – a unique physiology, which 

is only now revealing its secrets. 
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1.4.4 Mature fibre cells 
The growth of fibre cells continues throughout life, and internalised cells are permanently 

retained in situ, although cellular morphology and components continue to undergo remodelling and 

compaction during aging of the lens. Cells in the nucleus remain connected to the humours of the eye 

via a paracellular pathway at the sutures and via the distributed, tortuous extracellular space of the lens 

cortex. In the absence of protein synthetic ability, mature fibre cells continue to increase their internal 

concentration of crystallin proteins, becoming compacted and dehydrated by an as-yet unexplained 

process (Kuszak and Costello, 2004). Crystallin concentration increases by around 50% across the lens 

radius (Mathias et al., 1997), and there is a concomitant loss of inorganic ions from the lens nucleus to 

compensate for this increased Donnan attractive force (Paterson and Eck, 1971). Increasing protein 

concentration with depth creates a gradient of refractive index which helps to correct for spherical 

aberration (Bettelheim, 1985).  

The maturation of fibre cells is a progressive process, and their internalisation within the lens 

involves a dramatic restructuring of both membranes and cytoplasm. The membrane of mature fibre 

cells contains numerous “ball and socket” and ridge type interdigitations, and this “ruffling” of the 

membrane increases in complexity towards the lens core. This increase in ultrastructural intricacy is a 

defining feature of “mature” vs. “differentiating” fibre cells (Kuszak et al., 1984; Taylor et al., 1996; 

Kuszak and Costello, 2004), and is thought to be due in part to the loss in cellular water which occurs 

in deep fibre cells, which takes place without a concomitant loss of cell membrane area (Al-Ghoul et 

al., 2001). It has recently been shown that gap junctions are also redistributed in deep fibre cells, in that 

plaque size decreases and junctions are spread more evenly around the cell membrane (Jacobs et al., 

2004).  

Prior to the discovery of gap junction channels, fibre cell membranes in the central lens were 

thought to be “degenerate” from electrical measurements (Duncan, 1969c; Duncan et al., 1981), and 

recurrent histological observations were reported of what appeared to be membrane fusions between 

fibre cells (Kuszak et al., 1985; Kuszak et al., 1989; Bassnett et al., 1994; Shestopalov and Bassnett, 

2000). Recently, elegant work utilising GFP-transfected mosaic mouse lenses has demonstrated that 

both cytoplasmic and membrane proteins are apparently free to move from cell to cell in certain 

species within the deep lens (Shestopalov and Bassnett, 2000, 2003). It is presently uncertain if the 

formation of these membrane fusions is a static or dynamic process, but development of this 

“macromolecular diffusion pathway” appears to be correlated with detachment of fibre cells from the 

capsule.  
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1.5 Challenges to Lens Homeostasis 

The lens is a large avascular tissue composed of living cells which require metabolic support. As 

the lens continues to grow throughout development and ex utero life, the internalised volume of fibre 

cells increases more than the amount of cells at the surface in contact with the external environment 

(Kuszak and Costello, 2004). The lack of a lenticular blood supply coupled with the relatively large 

structural dimensions of the lens (from a few millimetres in diameter in rodents, up to 15 mm or larger 

in humans) places some rigid constraints on the ability of the lens to obtain and distribute necessary 

nutrients, oxygen and other nutrients throughout its structure. Calculated diffusion rates for substrate 

entry to the lens centre preclude simple diffusional delivery of glucose and other nutrients (Mathias et 

al., 1997), whereas passive redistribution of metabolic waste products and ionic entry would lead to 

excessive accumulation of toxic species in the lens interior (Gao et al., 2004). 

Outer cell layers, lying near the surface and closer to supply of oxygen and nutrients, derive 

energy from aerobic glycolysis via numerous mitochondria which are present throughout the anterior 

epithelium and in differentiating fibre cells to the borders of the organelle free zone (Bassnett and 

Beebe, 1992). Consumption of oxygen by mitochondria in the lens cortex, combined with long 

diffusional distances, produces very low oxygen tension within the lens core. Internalised fibre cells in 

the lens nucleus are therefore reliant on anaerobic glycolysis for energy production, and it has been 

estimated that over 70% of lens energy is derived from anaerobic glycolysis (Cheng and Chylack, 

1985). Anaerobic glycolysis yields only 2 molecules of ATP from every molecule of glucose, and one 

of the principle end products is lactate whose accumulation in the deep lens lowers tissue pH (Bassnett 

and Duncan, 1985). Thus, opposing gradients of metabolic substrates and waste products are found 

within the lens radius. This necessitates some means by which glucose and other nutrients can be 

delivered to mature fibre cells, and for removal of waste products.  
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1.5.1 Early views of lens physiology 
Early investigations in lens physiology treated the organ as a kind of “giant cell”, due to its’ 

apparently amorphous interior, high global internal [K+]i and low [Na+] i (Figure 6A). The physiological 

characterisation of the lens as a system were therefore probed with techniques designed to estimate its 

global functional properties – such as ion concentrations (Duncan and Croghan, 1970; Delamere and 

Duncan, 1977), intrinsic potential (Rae, 1973), specific resistances (Duncan, 1969c), and current-

voltage relationships (Eisenberg and Rae, 1976; Delamere et al., 1980). Such experiments did not 

attempt to localise or apportion functional measurements to intralenticular structures, due to the 

prevalent view that the lens was a homogeneous bag of proteinaceous gel, and was not cellular in 

nature. As histological and electrophysiological techniques improved there was a slow paradigm shift 

driven largely by the growing study of fluid transport and homeostatic mechanisms in other epithelial 

tissues. The lens is an anatomically asymmetrical structure, suspended in an asymmetric environment. 

The anterior epithelium is in contact with the aqueous humour, while the posterior ends of surface 

fibre cells are bathed by the gel-like vitreous. This observed asymmetry caused the majority of early 

studies of lens physiology to focus on hypothetical anterior-posterior differences in ion transport.  

Separation of the anterior and posterior surfaces of the lens in a double-compartment “Ussing” 

chamber does in fact result in the detection of vectorial movement of ions and charge, an effect 

imposed by the artificial isolation of the anterior and posterior surfaces (Mathias et al., 1997). In its 

native state, there exists no such electrical barrier, and no potential can be generated between anterior 

and posterior ocular compartments since there is free electrical and solute communication via the fluid 

which surrounds the margins of the lens. However, these early Ussing chamber experiments delineated 

some of the first evidence of functional ion transport systems in the lens (Kinsey and Reddy, 1965; 

Paterson, 1973; Duncan et al., 1977; Delamere and Duncan, 1979). An anteriorly-directed positive 

electrical potential was detected, which appeared to result from electrogenic cation exchange 

mechanisms located at the lens anterior (Delamere et al., 1980). This Na+/K+ exchange mechanism 

was present in parallel with K+ channels (Candia et al., 1970; Delamere and Duncan, 1979; Delamere 

et al., 1980), and both pathways are essential to the generation of the lens intrinsic potential, 

monovalent cation balance, and transparency.  
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Figure 6 - Refinement of a model for lens physiology A – The lens as a “giant cell”. Transport across capsule 
creates ↑[K+]i ↓[Na+]i inside a homogeneous, acellular lens interior. Fibre membranes are assumed to be degenerate. 
B – “Pump – Leak” model. Active transport in the anterior epithelium creates vectorial posterior-anterior transport, 
offsetting a distributed Na+/Cl- leak in the fibre cell mass. C – “Internal circulation” model. Equatorial concentration 
of active transport processes, Na+/Cl- influx via polar sutures. Fibre membranes intact, but highly coupled by gap 
junctions – equatorial organisation directs intracellular ion flux towards equator. 



- 17 - 

Thus, the anterior epithelial layer was thought to maintain the welfare of the fibre cell mass by 

setting and maintaining the lens intrinsic potential and ion balance (Harris and Becker, 1965; Harris, 

1966; Duncan, 1969a; Hightower and Kinsey, 1977), creating a functional syncytium driven by a 

“pump-leak” mechanism (Figure 6B) (Kinsey and Reddy, 1965). The lens epithelium was thought to 

contain all active transport and selective ion permeation pathways, while the fibre cells were thought to 

exist as a distributed “leak”, against which epithelial transport worked to maintain lens homeostasis. 

Two-electrode voltage clamp methods, in which separate voltage-sensing and current-passing 

electrodes were inserted into different locations within a single lens, found that wherever the 

electrodes were placed a similar potential could be recorded (Duncan, 1969c). This was interpreted as 

evidence of membrane degeneracy in the lens core, where cells were seen as electrochemically passive, 

or even “dead”. The anterior epithelium was amenable to direct functional study – being capable of 

maintaining its integrity and structural composition even when stripped from the lens. The fibre mass 

left behind depolarised and rapidly degenerated on removal of the epithelium, and was thus viewed as 

functionally inert.  

The role of fibre cells in lens physiology remained uncertain, although data hinted at a more 

defined contribution of inner lens membranes than a simple homogeneous leak. The time-course of a 

simple voltage perturbation was found to be very slow (~1 s), and Eisenberg and Rae showed that this 

multifactorial response likely represented separate contributions from a distributed network of lens 

membrane surfaces, connected by intracellular and extracellular current flow pathways (Eisenberg and 

Rae, 1976; Mathias et al., 1979). Dye injected into individual fibre cells, although able to diffuse freely 

along cell axes and into adjacent cells, was not able to enter the extracellular space (Rae, 1974a; Rae 

and Stacey, 1979). Although it is still uncertain whether the extracellular pathway remains accessible to 

fluorophores in the deep lens (Grey et al., 2003), exclusion of fluorophores provides further evidence 

that fibre membranes are at least intact enough to exclude molecules of this size.  

1.6 Towards a modern view of lens physiology 

The significant findings that began the move towards the current view of the ocular lens as a 

physiological system came from the application of a series of novel electrophysiological techniques to 

the lens. Incremental refinements in methods and explanatory models over the last two decades have 

yielded a picture of an elegant system of spatially distributed transport mechanisms which underpin 

ionic, volume and pH homeostasis within the lens; delivering nutrients, removing wastes, and 

maintaining optical transparency. 
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1.6.1 Impedance methods 
Some of the first data on the internal structure and resistive contribution of cell membranes 

within the internalised lens came from the application of frequency-domain methods to the lens. 

Impedance analysis utilises applied voltage stimuli containing a wide range of AC frequencies to 

provide location-specific measurements of resistivity across the lens radius. The propagation of these 

stimuli through the lens tissue are monitored, and information regarding the resistivity of different 

compartments within the lens is obtained (Mathias and Rae, 1985b; Mathias et al., 1985). This analysis 

is dependant upon the fitting and refinement of a detailed 3-dimensional equivalent circuit model, 

incorporating the relative contributions of membranes and conductive spaces within different lens 

locations (Figure 6C). The relative contributions of peripheral and deep fibre cell membranes, 

connected by a tortuous, resistive extracellular space, were thus estimated (Baldo and Mathias, 1992). 

It was found that internalised fibre cells possessed very high resistance membranes, and the majority of 

the ion conducting pathways lay within the outer cell layers. In combination with ion replacement 

experiments, it was found that surface cells contained a large permeability pathway to K+ ions, while 

inner fibre membranes were dominated by Na+ and Cl- conductances of much lower density (Mathias 

et al., 1985; Baldo and Mathias, 1992). The large amount of fibre cell membrane in the internalised lens 

(~100 cm2 in a small frog lens, vs ~0.5 cm2 of epithelial membrane (Mathias and Rae, 1985b)), 

translates into a significant leakage pathway for Na+ and Cl-, which is offset by pumping activity at the 

lens surface. In this revised model transport activity was no longer restricted solely to the anterior 

epithelium, but to “surface cells” which includes differentiating fibre cells that retain contact with the 

capsule. 

1.6.2 Vibrating probe analysis 
The next advance in understanding of lens physiology came from the application of a novel 

electrophysiological approach, the so-called “vibrating probe” (Jaffe and Nuccitelli, 1974; Nuccitelli, 

1986; Hotary et al., 1992). By this method, ionic current flowing in the extracellular compartment 

surrounding tissues can be measured by a sensitive voltage electrode that vibrates rapidly between 

spatially separated locations adjacent to the tissue surface. Calibrating for the resistivity of the bathing 

fluid allows measurements of current density and direction to be made at locations across the epithelial 

surface. Robinson and Patterson applied this technique to the lens and revealed a pattern of current 

flow around the lens surface (Figure 7) that was inconsistent with established models of lens 

physiology (Robinson and Patterson, 1983).  
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An outwardly-directed current exited the lens at the equator, whereas inward current was 

detected at both the anterior and posterior poles (Figure 7A). In intermediate positions, the current 

direction appeared to undergo a gradual shift from strongly inwardly directed over the polar sutures, to 

strongly outwardly directed at the lens equator (Figure 7B). This pattern of current flow was consistent 

between lenses of various species, and the magnitude of current density exceeded that expected from 

Ussing chamber measurements by a significant factor. While these findings were not well received 

initially, the lens equatorial current was further characterised in a series of investigations (Parmelee et 

al., 1985; Reszelbach and Patterson, 1985; Parmelee, 1986; Wind et al., 1988; Patterson et al., 1989; 

Walsh and Patterson, 1989; Walsh and Patterson, 1991; Walsh et al., 1992; Walsh and Patterson, 1993). 

The equatorial outward current was found to respond to manipulations in bathing [K+], and could be 

reversed in direction by voltage clamping the lens to potentials more negative than EK. Blockade of 

Na+/K+ ATPase activity by exposure to ouabain lead to a small initial current reduction, followed by a 

slow decline to zero, similar to earlier observations of the lens intrinsic potential examined by 

conventional microelectrode analysis (Mathias and Rae, 1985a). Decreasing bathing [Ca2+], which lead 

to large depolarisations in lens potential, caused a sharp rise in equatorially-measured current. 

Radiolabelled Na+ in the bath solution entered the lens at the poles and eventually exited at the lens 

equator.  
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Figure 7 - Vibrating probe measurements of current flow at the lens surface. A – Raw current densities 
recorded at points close to the lens surface B – Locations of recording electrode around axial circumference (left), 
spatially correlated with recorded current densities at lens surface (right) (Modified from Parmelee, 1986) 



- 20 - 

Since the equatorial current was outwardly directed, and Na+/K+ ATPase activity extrudes Na+, 

it was proposed that the measured pattern of lenticular current flow represented a re-entrant cycle of 

Na+ movement through the lens structure, entering via the extracellular space and leaving via Na+/K+ 

ATPase activity at the lens equator (Mathias, 1985). K+ accumulated by pumping activity was allowed 

to leave equatorial cells by K+ selective channels, setting a negative membrane potential which was 

transmitted to the entire lens via gap junctions.  

1.6.3 High-resolution double Ussing-chamber methods 
The vibrating probe was troublesome to set up and use effectively (Ferrier and Lucas, 1986; 

Scheffey, 1986b, a). The results of the Patterson laboratory were not replicated by any other 

investigators using similar methods, and were not in fact independently verified until Candia and co-

workers refined the use of Ussing-type short circuit techniques to measure ion fluxes occurring over 

specific regions of the lens surface (Candia and Zamudio, 2002; Candia et al., 2002a). These studies 

were initially focussed on cationic movement into and out of the lens, since they were conducted in Cl-

-free conditions. Patterns of current flow and the inter-chamber potentials thus generated were 

spatially similar to those recorded via the vibrating probe, and were of similar magnitude and ionic 

dependence. Efflux currents were dominant at the lens equator and an area immediately anterior. 

Application of the K+ channel blocker Ba2+ eliminated measured currents only if applied to regions 

including the most equatorial zone, while ouabain produced measurable inhibition of Na+/K+ ATPase 

currents in the equatorial and immediately anterior segment, but not at the lens anterior pole. This 

location-specific effect of pharmacological agents strongly supports the notion that the physiologically-

relevant transport processes are concentrated in the equatorial lens. This novel cluster of findings 

provides support for the earlier measurements of Robinson and Paterson, and goes some way to 

finalising the physiological contribution of K+ channels and Na+/K+ ATPase to the electrical 

behaviour of the ocular lens. These measured fluxes correlate with structural features within the lens 

(polar sutures, equatorial modiolus), whose anatomy appears to subserve lens physiology. 

Observations of spontaneous synchronous oscillations in lens intracellular potential (Thomas et al., 

1998), transepithelial potential (Alvarez et al., 1995; Alvarez et al., 1997) and equatorial current (Candia 

and Zamudio, 2002; Candia et al., 2002a) have been ascribed to dynamic closure of Ca2+-sensitive K+ 

channels by a cholinergic signalling pathway in the lens epithelium (Williams et al., 1993; Candia et al., 

2002a). This demonstrates the potential for physiological modulation of both lens voltage and 

circulating current, which could match the directed transport of ions to homeostatic demand thus 

providing the control systems necessary for a stable physiological system. 
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1.7 The lens internal circulation system 

Having described from a historical perspective the techniques underpinning the formulation of 

the lens internal circulation hypothesis, I will now describe the model itself. The lens is a homeostatic 

system, and is able to set and regulate its composition and cellular dimensions with a remarkable 

degree of accuracy in the absence of a blood supply. For this state to continue, net interchange of each 

ionic species, charge, and fluid volume must sum to zero – i.e., there can be no accumulation or 

depletion in any of these parameters without generating a shift in composition, dimensions, or optical 

performance of the lens. This sounds like an obvious description of any stable system, but is 

compounded in the lens by structural and anatomical specialisations which mean that influx and efflux 

of ions and fluid occur over spatially separated domains. Influx of Na+, Cl- and water at the anterior 

and posterior pole are balanced by efflux at the equator. K+ taken in via Na+/K+ ATPase activity in 

the equatorial epithelium and differentiating fibres is equilibrated throughout the lens cytoplasm, and a 

fraction of this cytoplasmic accumulation is allowed to leave via K+ channels which set the 

intralenticular membrane potential, transmitted throughout the lens cell mass via the gap junctional 

coupling. Junctional plaques are homogeneously distributed over the surface of mature fibre cells in 

the lens centre, but in the equatorial lens cortex dense clusters of aligned gap junction plaques on the 

broad sides of fibre cells appear to direct the resulting intercellular ion fluxes towards the lens equator, 

where the majority of active ion transport is concentrated.  
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Figure 8 – The lens internal circulation system. A – Current flow pathways around and through the lens carried 
by circulating ionic fluxes. B – Extracellular influx and intercellular efflux pathways for ions and water in the lens. 
Peripheral localisation of Na+/K+ ATPase and K+ channels and internalised Na+ and Cl- permeation pathways creates 
an effective microcirculation system. 
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Spatial segregation of transport functions within the lens creates a continuous flux of ions 

through the tissue structure (Figure 8A). Na+ and Cl- enter the lens at both poles via the extracellular 

space, enter internalised fibre cells via a distributed low level entry pathway, and leave the lens via an 

intercellular route mediated by gap junctions (Figure 8B). Mathias and co-workers (Mathias et al., 

1997) have shown by biophysical modelling that this vectorial flux of ions produces a continuous flux 

of fluid and solute through the lens tissue, which appears to act as a lens internal “microcirculation” 

(Mathias, 1985; Mathias et al., 1997; Mathias and Rae, 2004). The circulating flux of ions creates an 

extracellular fluid flow by solvent drag (Hille, 2001), whose rate has been estimated in the frog lens at 

approximately 1 μms-1 (Mathias et al., 1997). This flowing fluid carries with it other solutes; including 

antioxidants, glucose, and other nutrients; causing them to reach the lens core at a rate exceeding that 

resulting from simple diffusion alone (Baldo and Mathias, 1992; Mathias et al., 1997; Mathias and Rae, 

2004). The operation of this lens “internal circulation” system appears essential to lens 

normophysiology and optical transparency; controlling ionic and volume homeostasis in all lens cells, 

and nutrient delivery and waste removal from the lens core. The constantly-moving fluid flux prevents 

excessive accumulation of lactate and other metabolic products, prevents depletion of Na+ and other 

ions from the extracellular space (Mathias et al., 1997), and prevents the slow leakage of Na+ and Ca2+ 

into fibre cells from triggering pathological change in the lens core (Gao et al., 2004). 
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1.7.1 Functional components of the lens internal circulation 
While the lens internal circulation model provides a hypothetical framework for studies in lens 

physiology, validation of this model now requires detailed measurements of ion transport processes 

within the lens to confirm that such mechanisms in fact operate within cells in spatially separate 

locations. Membrane transport proteins known to be expressed in the lens are summarised in Table 1, 

along with the molecular and pharmacological data yielded from a variety of studies: 

Table 1. Ion channels and transporters in the lens. 

                                                 
† Preliminary data 
* Non-functional transport proteins 

Channel Type Cell Types 
Within Lens 

Molecular 
Identity 

Pharmacology/ 
Modulators 

References 

Delayed Outward 
Rectifier K+ 

(dORK) 

Epithelium 
Short Fibres† 

Kv2.1 
Kv3.3 
Kv9.1 & 9.3* 
RCK3 

TEAo        3mM 
 

Rae et al 1988; Cooper et al 
1990; Rae 1994; Shepard & 
Rae, 1998, 2000; Shepard & 
Rae 2000 

Inward Rectifier K+ 
(IRK) 

Epithelium 
Short Fibres† 

Kir2.1 (IRK1) 4APo       10μM 
Ba2+

o         5μM 
Cs2+

o       10μM 

Cooper et al 1991,1992; 
Rae et al, 1998a; Donaldson 
et al, 1995† 

“Maxi K+ (KCa) Epithelium BKα 
BKβ 

Ba2+
i/o       5μM 

Cs2+
o         5μM 

DCMi       0.1μM 

QNDo       5μM 
QNNo       5μM 
TEAo        5μM 

Rae et al 1990, 1998b 

Na+ Epithelium 
(Cultured*) 

Unknown QND        5μM 
TTX      0.1μM 

Rae et al 1988; Rae et al 
1992; 

Cl-/anion Short Fibres† 
 

Volume-
sensitive 
 

DIDS    100μM 
NPPB     20μM 
TMX    100μM 

Zhang et al 1996; Young et al 
2000; 

Non-Selective 
Cation (NSC) 

Epithelium 
 

Unknown 
Stretch-activated 
(~20mmHg) 

Ca2+
o    2.5mM 

Zn2+
o        2mM 

Mn2+
o       2mM 

Co2+
o        2mM 

Gd3+
o        2mM 

Rae et al 1988; Jacob et al 
1985; Cooper et al 1986; Rae 
et al 1992 

Na+/K+ ATPase Epithelium 
- Anterior 
- Equatorial  
Short Fibres 

Mature Fibres* 

 
α2 

α1 
α1* 

DHO   0.75μM 
 
DHO    100μM 

Gao et al 2000; Moseley et al 
1996 

Water Channels Epithelium 
Short Fibres 
Mature Fibres 

AQP1 
 
AQP0 
 

Hg2+ Lee et al 1998 

Electroneutral 
anion exchangers 

Epithelium 
Short Fibres 
Mature Fibres 

KCC, NKCC 
KCC, NKCC 
NCC 

DIOA      100 μM
Bumetanide 2 μM

Chee et al., 2001;  Chee et al., 
2006 

Gap Junctions Epithelium 
Short Fibres 
Mature Fibres 

Cx43 
Cx43/Cx50 
Cx46/Cx50 

Halothane, 
octanol, α-
glycerrytinic 
acid 

Musil et al 1990; White et al 
1992; Paul et al 1991; 
Donaldson et al 1995 
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1.7.2 Key membrane transport components of the lens circulation system 
The lens internal circulation system is hypothesised to achieve a constitutive flux of ions and 

fluid through the lens structure by the concerted action of spatially-separated membrane transport 

pathways. Pump activity at the surface maintains lenticular monovalent cation balance, and sets up the 

creation of the negative intracellular potential by accumulating K+. In the lens, Na+/K+ ATPase 

activity is concentrated in the membranes of the surface cells, including the anterior epithelium and 

equatorial cells. Equatorial membrane current densities are estimated to be some 20-fold higher than at 

the poles, where large concentration of cell membranes exist “in series” to achieve ion transport out of 

the lens (Gao et al., 2000). Pump activity in surface cells seems to be matched to the leakage load 

placed on surface cells by the fibre mass. Na+ pump proteins are detected throughout the fibre cell 

mass (Delamere and Dean, 1993), but these proteins detected in cortical and nuclear fibre membranes 

are believed to be non-functional (Dean et al., 1996) – perhaps deactivated remnants of active units 

synthesised at an earlier stage of differentiation (Mathias et al., 1997). Mature fibre cells are known to 

lack nuclei and protein synthetic machinery - incompatible with the usual turnover and replacement of 

pump proteins. A surface location of active transport mechanisms makes sense anatomically, since the 

pumping of ions requires energy, which is in short supply deep in the avascular lens (Rae and Mathias, 

1985). Also, the restricted extracellular space in the fibre cell mass would make active transport into or 

out of this space inefficient, in that excessive ion accumulation or depletion would result (Mathias et 

al., 1985; Rae and Mathias, 1985; Mathias et al., 1997). Na+/K+ ATPase activity sets up the ion 

gradients which become the driving force for ion movements within the lens (Mathias et al., 1997). 

The intracellular potential and cation gradient thus created is transmitted to the fibre cell mass by 

extensive gap junctional coupling, allowing secondary active uptake of nutrients (Lim et al., 2005) and 

electroneutral ion exchange (Chee et al., 2001) in internalised cells, which do not themselves maintain a 

functional pool of Na+ pumps.  

Expression of gap junction proteins in lens fibre cells is so high that the lens was used as a 

protein source in many early studies in the field (Kistler et al., 1988). Fibre cells accumulate large 

amounts of gap junctional plaques which insert into defined membrane domains on both the “broad” 

and “narrow” sides of the cells (Jacobs et al., 2004). Quantitative measurements of epithelial-fibre 

coupling at the anterior pole showed that only about one cell in ten is dye coupled to the underlying 

fibres by gap junctions (Rae et al., 1996). Impedance methods revealed an angular change in coupling 

from poles to equator of ~10-fold (Baldo and Mathias, 1992) which is hypothesised to direct 

intercellular ionic fluxes within the lens toward active ion transporting cells at the equator (Baldo and 

Mathias, 1992; Mathias et al., 1997).  
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Connexin43 is the predominant gap junction protein expressed in lens epithelial cells (Beyer et 

al., 1989) and double whole-cell patch clamp records obtained between isolated cell pairs are consistent 

with homomeric Cx43 channels (Donaldson et al., 1994). Epithelial-fibre differentiation causes Cx43 

degradation and replacement by Cx50 and 46, which undergo C-terminal cleavage during fibre cell 

maturation (Lin et al., 1998). As well as differentiation-dependant shifts in isoform expression, there is 

also evidence for differential regulation of junctional coupling in specific lens regions (Jacobs et al., 

2004). Junctional conductance is sensitive to changes in cytoplasmic pH (in the outer 20% of lens 

radius), while internalised cells cleave cytoplasmic moieties to remove pH sensitivity (Lin et al., 1998). 

Lenticular gap junctions also display [Ca2+]i sensitivity, via calmodulin-dependant modulation 

(Peracchia et al., 2000; Lurtz and Louis, 2003; Peracchia, 2004). Previous studies demonstrated a small 

change in junctional conductance acutely on increasing [Ca2+]i (~2-fold) (Mathias et al., 1991), but Gao 

et al demonstrated pathological Ca2+ accumulation in the centre of lenses lacking functional gap 

junctions, indicating a potential role for gap junctional Ca2+ permeation in effecting Ca2+ homeostasis 

in internalised cells (Gao et al., 2004).  

Transport of ions across biological membranes draws fluid along with it by osmosis. Isotonic 

fluid flux through the lens tissue structure requires a very large membrane permeability to water, and it 

is suggested that the large expression of water permeation channels in lens fibre cells enhances isotonic 

fluid flux as part of the internal circulation system (Mathias et al., 1997; Varadaraj et al., 1999; Mathias 

and Rae, 2004), in which moving fluid is estimated to be within 0.1% of isotonic (Mathias et al., 1997). 

Water crosses the hydrophobic interior of the lipid bilayer by water-selective channels, termed 

aquaporins (AQP), which are impermeable to charged species such as ions (Varadaraj et al., 1999). 

Epithelial cells, some 3-4 times more permeable to water than fibres per unit area, express AQP1 

which is degraded on epithelial-fibre differentiation to be replaced with AQP0, whose level of 

expression in fibre cell membranes approaches 60% of total membrane protein. Lens membrane water 

permeability is generally thought to be rather high, with the possible exception of core membranes 

which undergo alterations in lipid composition consistent with maintaining the hydrostatic gradient 

implied by the increasing concentration of crystallins in the lens nucleus. Although it has been 

proposed that APQ0 may have other roles over and above that of water permeation (Varadaraj et al., 

1999), including cell adhesion (Gonen et al., 2004b), and the formation of intercellular junctions 

(Gonen et al., 2004a), insertion of AQP0 into fibre cell membranes increases transmembrane water 

flux over background lipid leak by an order of magnitude (Varadaraj et al., 1999). Lenticular water 

permeability mediated by aquaporins has been shown to be sensitive to alterations in intracellular pH 

and [Ca2+]i, reflecting a potential mechanism to enhance water transport and rectify osmotic 

imbalances (Varadaraj et al., 1999). Increase in [Ca2+]i or decrease in pH enhances water permeability.  
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The internal circulation system is hypothesised to generate a bulk flow of fluid and solute which 

enhances the delivery of substrates to internalised lens cells by accelerating the movement of solute via 

the extracellular space.  It would be therefore be expected that internalised cells would possess the 

means to derive benefit from such enhanced delivery. Secondary active nutrient transporters are found 

in all cells in the lens, with transitions between the isoforms expressed apparently matched by relative 

affinity to gradients of substrate concentration within the lens. Epithelial cells, directly exposed to high 

glucose concentrations in the aqueous humour, express the GLUT1 isoform, a low-affinity facilitative 

glucose transporter common to most cell types (Merriman-Smith et al., 1999; Merriman-Smith et al., 

2003). Cortical fibre cells express GLUT3, whose higher transport affinity matches well to the 

physiologically depressed glucose concentration deeper in the lens cortex. Internalised deeper cortical 

cells, spatially divorced from normal glucose levels, express the secondary active Na+-coupled SGLUT 

transporter, thus appearing to harness the transmembrane Na+ gradient to enhance intracellular uptake 

of glucose against an ever-increasing concentration gradient. Domain-specific insertion of GLUT3 

into the narrow side membranes of fibre cells supports the notion of extracellular nutrient transport, 

since a continuous extracellular space exists between fibre cell narrow sides and could provide a 

preferential pathway for substrate movement (Merriman-Smith et al., 2003). Thus the presence of 

facilitative and secondary nutrient uptake mechanism seems to represent an evolutionary adaptation to 

native substrate gradients within the lens tissue, and the transport proteins themselves seem well 

matched by kinetics and anatomical location to take advantage of a circulating flux of nutrients driven 

or drawn into the lens via the extracellular space. 

The use of the Na+ gradient as a secondary energy source for substrate uptake is common to 

many nutrient transport systems present in the lens, including those mediating the uptake of diverse 

amino acids (Lim et al., 2005), glutathione (McBean and Flynn, 2001), and other antioxidants 

(Truscott, 2000; Hegde and Varma, 2004). The activity of specific lens transporters can thus be 

modulated by the choice of isoform or transport molecule expressed, as well as the amount of protein 

present, dynamically modulated by the balance between synthesis and degradation. Lens cells 

synthesise many proteins early in their differentiation, due to the lack of synthetic machinery in mature 

fibre cells. Pre-emptively synthesised protein is held in cytoplasmic pools of vesicles, from which 

membrane insertion can be demonstrated in different areas of the lens during fibre cell differentiation 

and maturation (Grey et al., 2003; Jacobs et al., 2003). Dynamic insertion is also seen in response to 

substrate concentrations (Merriman-Smith et al., 2003), or on application of osmotic or metabolic 

stress (Chee et al., 2006). Once protein is expressed, it can also be post-translationally modified (e.g. by 

phosphorylation, proteolytic cleavage), turning the proteins on or off, regulating kinetics, or tagging 

them for degradation or redistribution intracellularly (Jacobs et al., 2004). 
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1.8 Dysfunction of the lens circulation system – a conceptual framework for 
understanding cataractogenesis 

The lens internal circulation system is hypothesised to maintain biochemical and volumetric 

homeostasis in the absence of a blood supply, and disruption of lenticular homeostatic mechanisms 

can lead to cataractogenesis by damaging lens cells or proteins. Thus, dysfunction or dysregulation in 

the ion transport mechanisms which mediate the lens internal circulation system may lead to 

disruption in cell volume or tissue integrity. Multiple factors are involved in the initiation and 

progression of cataract, but two fundamental processes seem to be involved. One process usually 

occurs in the cortex and is caused by an imbalance in electrolytes leading to over hydration of the lens, 

resulting in damage to fibre cells. The second process that usually occurs in the lens nucleus is 

characterised by the modification of lens crystallins, leading to their aggregation and precipitation as 

high molecular weight complexes which scatter light. The dependency of the internalised nucleus on 

the outer lens cortex for metabolic and homeostatic support can result in nuclear cataract or 

“compound” cataract phenotypes, where decrease in cortical function leads to metabolic isolation of 

the nucleus, creating nuclear as well as cortical opacities. 

The functional requirement for transparency has lead to extensive structural specialisation within 

the lens. Because structures of the order of the wavelength of visible light interact with and cause light 

scattering, transparency requires the removal of blood vessels, intracellular organelles, and other such 

structures from the light path (Davson, 1980). Transparency is maximised by a highly ordered 

peripheral cellular organisation with a more spatially homogeneous centre. Lens fibre cells express high 

intracellular levels of soluble proteins called crystallins, whose radially-increasing concentration corrects 

for the spherical aberration that results from a thick solid tissue structure (Bettelheim, 1985). In all 

areas of the lens, cells are tightly packed together to minimise extracellular space, and disruption of 

volume control in either the intracellular or extracellular space can degrade lens optical quality leading 

to cataract (Mathias et al., 1997). Exposure to ultraviolet (Zintz and Beebe, 1986; Hightower and 

McCready, 1993; Hightower et al., 1994), microwave (Lipman et al., 1988) or X-radiation (Hightower 

et al., 1983), or certain steroid medications (Jobling and Augusteyn, 2002) can induce cataract by 

disrupting lens biochemical or oxidative balance.  
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Figure 9 – The anatomy of lens cataract. A - Intralenticular location of cataract subtypes (modified from Solomon & 
Donnenfeld 2003). B - Slit-lamp image of human cortical cataract. C – Advanced nuclear cataract. D - Combination 
nuclear and posterior subcapsular cataract E - Senile nuclear cataract in an elderly man. F - Bilateral congenital 
cataract in a young child. (E, F adapted from educational resources made available by the National Eye Institute, National Institute of 
Health, USA). 
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1.8.1 Cortical cataract 
Cortical cataract (Figure 9B) results from disruption of electrolyte and water balance in lens cells 

(Duncan and Bushell, 1975; Duncan and van Heyningen, 1977), and thus is often described as an 

osmotic type of cataract (Hightower et al., 1989; Hightower and Misiak, 1998; Mitton et al., 1999; 

Marsili et al., 2004). Swelling of the lens, both at the whole-organ and cellular level, is a key feature of 

cortical cataract (Jacob, 1999). The so-called “myopic shift” which precedes lens opacification is often 

the reason for clinical presentation of cataract patients, and it has been suggested that this change in 

optics is due to tissue swelling which alters the curvature of the optical surfaces in combination with a 

change in anterior-posterior dimensions (Zhang and Jacob, 1996). The wedge or spoke-shaped 

morphology of this cortical damage can result in doubled vision in the affected eye, due to the 

localised refractive index changes occurring in the tissue prior to the development of opacity (Lasa et 

al., 1992). Because cortical cataract often develops peripherally, it may progress to an advanced stage 

before visual symptoms become apparent (Lasa et al., 1992), often due to a secondary opacification of 

the lens nucleus.  

This cataract phenotype is particularly common in diabetic patients, where the excess of blood 

glucose is converted into metabolites such as sorbitol, which increase the internal osmotic load within 

lens cells (Reddy et al., 1992). In the cortical region, this osmotic load manifests as a discrete zone 

some 150 μm from lens capsule, where cells become initially swollen, then disrupted, and the 

formation of fluid lakes within the cortical region creates opacity (Bond et al., 1996). The progression 

of swollen cells in localised areas into full-blown cataractic damage is initially restricted within affected 

fibre cell columns in the lens cortex (Duncan and Wormstone, 2001). It is thought that this localisation 

of damage indicates a specific vulnerability of this area to such damage (Bond et al., 1996), perhaps 

reflecting differences in homeostatic ion transport mechanisms within different regions of the lens 

(Mathias and Rae, 2004). 

An outline of cortical cataract development is presented in (Figure 10), highlighting key cellular 

processes which, if disrupted by experimental or pathological intervention, can result in 

cataractogenesis (Jacob, 1999). Cortical cataract is associated with disruptions in lens ion homeostasis, 

leading to cell swelling, closure of lens gap junctions (Donaldson et al., 1995), and increased membrane 

ionic leak triggering lenticular depolarisation (Duncan, 1969a) and a pathological influx of calcium into 

lens cells (Duncan and Jacob, 1984). Calcium overload triggers the activation of calcium-dependent 

proteases (Wang et al., 2001), which cleave key structural proteins and bring about vesiculation of 

cortical fibre cells into sealed globules which disrupt light passing through the lens.  
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Figure 10 - Common pathways in cataract progression. Various cataractogenic insults exert their destructive 
influence on lens transparency by disrupting normal cellular or biochemical homeostasis in the lens, and lead to 
cataract by initiating a common, self-fulfilling cascade of destructive events within lens fibre cells. This interaction 
between cell volume, ion transport, and calcium-dependant degradation has been elucidated from a multitude of 
studies, which are reviewed in the text. (Flow diagram redrawn and modified from Jacob et al, 1999) 
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1.8.2 Nuclear cataract 
Opacification of the lens nucleus (Figure 9C) is a characteristic of age-related nuclear or “senile” 

cataract (Figure 9E). Nuclear cataract has been proposed to result from reduced delivery of key 

metabolic and reductive substrates to the lens nucleus (Truscott, 2000). Since the central lens lacks the 

necessary machinery to effect protein turnover and replacement, nuclear proteins are subject to a range 

of modifications, including proteolysis, glycation, and deamidation. If antioxidant and metabolic 

supply to the lens core becomes insufficient, protein damage leads to cross linking, the 

macromolecular precipitation of cytoplasmic proteins and the formation of light-scattering opacities.  

The accumulation of damaged protein in the lens nucleus, from yellow to brown in colour, leads 

to a progressive loss in colour contrast and range perception in elderly patients (Brown, 1996; Duncan 

and Wormstone, 2001). Development of nuclear opacity by the accumulation of photodamaged 

protein over a lifetime can ultimately obstruct light passage through the central nuclear region of the 

lens (Truscott, 2000). Because of the large diffusional distances involved, it is believed that acute 

disruption of the internal circulation system in the lens cortex can ultimately produce nuclear opacity 

by reducing the delivery of key nutrients to internalised cells (Mathias et al., 1997). The spatial 

interconnectedness of nuclear fibre cells perhaps serves to explain mechanistically why nuclear cataract 

opacities tend to be homogeneous defects in which the entire nucleus becomes opaque (Duncan and 

Wormstone, 2001).  

1.9 Specialisation of ion transport in lens cells supports lens function 

Macroscopic measurements of lens electrical properties has previously indicated the importance 

of regulated ion transport in the maintenance of lens homeostasis, and hence transparency. The 

development of cataract is associated with lens leak and depolarisation which causes pathological 

cytoplasmic calcium accumulation in lens fibre cells (Hightower and Kinsey, 1977; Hightower et al., 

1980; Jacob and Duncan, 1981). Tight regulation of ionic permeabilities is necessary to preserve ionic 

and volume homeostasis in all lens cells, since widespread gap junctional communication couples ionic 

fluxes between different regions of the lens. Spatial segregation of constitutive ion influx and efflux 

pathways is thought to generate the lens internal circulation which subserves lens physiology, but these 

spatial differences in membrane transport within the lens have been difficult to demonstrate at the 

cellular level. Various approaches have been adopted to explore the functional properties of lens cells. 

Application of the sensitive patch clamp technique (described in Neher and Sakmann, 1992) to the 

ocular lens  produced a wealth of information from the lens epithelium (Rae, 1985; Rae et al., 1988; 

Rae and Cooper, 1990; Rae, 1993), only a handful of studies have attempted to address the membrane 

properties of lens fibre cells. 
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1.9.1 Ionic permeabilities measured in lens cells 
The lens epithelium was found to contain a variety of ion channels including various K+ 

channels (Rae, 1986; Cooper et al., 1990; Rae et al., 1990; Cooper et al., 1991; Rae and Rae, 1992; Rae, 

1994) and non-selective cation channels (Jacob et al., 1985). The surface location of K+ channels had 

been previously predicted from intact-lens microelectrode measurements (Duncan, 1969b; Reszelbach 

and Patterson, 1985), and these channels are thought to play a key role in setting lens membrane 

potential by providing a permeation pathway for K+ accumulated by Na+/K+ ATPase activity in the 

peripheral lens (Kinsey and Hightower, 1978). Lenticular K+ channels are differentially sensitive to 

blockade by agents such as Ba2+ and TEA, while Ca2+-mediated signalling pathways have been 

demonstrated to physiologically modulate K+ conductances in the intact lens (Alvarez et al., 1995; 

Alvarez et al., 1997; Candia et al., 2002b). Modulation of cellular K+ permeability has also been 

suggested to underlie the volume expansion associated with fibre cell elongation in early differentiation 

(Beebe et al., 1982; Parmelee and Beebe, 1988). While lens epithelial cells are robust and amenable to 

culture in vitro, the presence of TTX-sensitive sodium channels in human lens epithelial cultures 

(Cooper et al., 1990) but not fresh tissue (Rae and Rae, 1992) highlights the necessity of working with 

native lens cells when relating measured properties to the intact organ. 

Assessment of fibre cell membrane properties at the cellular level has been historically very 

difficult, due to the rapid degradation of these fragile cells on exposure to physiological calcium 

concentrations (Miller et al., 1992; Bhatnagar et al., 1995; Eckert et al., 1998a). What data exists has 

been largely inferred from impedance analysis of electrical alterations in the intact lens caused by ionic 

manipulations, which localised the majority of resting anion conductance to the fibre cells (Baldo and 

Mathias, 1992). Targeted pharmacological inhibition of hypothetical ion transport mechanisms in lens 

fibre cells under isotonic conditions was found to increase lens wet mass and induce cellular damage 

within defined regions of the lens cortex (Tunstall et al., 1999; Donaldson et al., 2000; Young et al., 

2000; Merriman-Smith et al., 2002). While indicative of a role for fibre cell ion transport in lens 

physiology, these studies were also unable to probe these effects at the single cell level. 

Characterisation of ion transport mechanisms in lens fibre cells will thus require the development of 

methods to obtain and maintain viable isolated fibre cells for examination of their functional 

behaviour in vitro. Transmembrane ion transport in lens fibre cells in vitro is believed to be critical to the 

physiological function and transparency of the ocular lens, and the available data suggests that they 

play a critical role in mediating the lens internal circulation system (Mathias et al., 1997). This thesis will 

test these ideas by examining the functional properties of lens fibre cells at the cellular level. 
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Thesis Objectives 
  

While the lens internal circulation remains a working hypothesis, functional studies investigating 

ion transport (Tunstall et al., 1999; Young et al., 2000; Candia and Zamudio, 2002; Merriman-Smith et 

al., 2002) and communication pathways (Gao et al., 2004) support the model by confirming the 

location and function of these pathways within the lens (Donaldson et al., 2001a; Mathias and Rae, 

2004). However, the mechanistic basis of fundamental homeostatic mechanisms in fibre cells remain 

the subject of ongoing investigation, and despite several decades of intensive study the role of fibre 

cells in lens physiology remains speculative. The role of these specialised cells is believed to alter 

during their differentiation from epithelial into fibre cells (Mathias and Rae, 1985b), and this changing 

role is expected to be reflected in their complement of membrane transport processes (Mathias et al., 

1997). The present lack of functional data in fibre cells remains a significant barrier to understanding 

lens physiology. This thesis will attempt to address these gaps in knowledge by pursuing the following 

objectives:  

• To develop and validate methods to obtain and maintain a preparation of viable isolated 

fibre cells amenable to functional analysis. 

• To characterise the membrane properties of fibre cells under physiological ionic conditions. 

• To explore differentiation-dependant alterations in the membrane properties of fibre cells. 

Differentiation-dependant changes in cellular properties are believed to result in spatial 

differences in key membrane transport pathways, the existence of which are believed to be essential to 

lens homeostasis and response to insult. Cataractogenesis has long been associated with alterations in 

macroscopic electrical properties of the intact lens. This thesis will take advantage of new knowledge 

both to better characterise the physiological role of lens fibre cells and to explore the destructive 

membrane permeability alterations which underlie cortical cataractogenesis. Thus the final objective: 

• To identify the physiological contribution of alterations in the membrane properties of lens 

fibre cells to lens physiology and cataractogenesis. 

Fulfilment of these objectives has the potential to open up new fields of lens research, by 

making previously inaccessible lens fibre cells available for functional analysis and hypothesis testing. It 

is expected that knowledge of the physiological membrane properties of lens fibre cells will provide 

new insights into their role in lens physiology, both under normal and pathological circumstances.  
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Chapter 2 

Methods and Protocols 

2.1 General Statement  

Methods presented here are a representation of final experimental protocols, obtained after the 

various procedures were optimised. Comments on failed efforts are also included where appropriate in 

the Results sections, as are deviations from the core protocols detailed in this chapter. 

2.2 Abbreviations Used 

1ºα - Primary antibody 

2ºα - Secondary antibody 

αXXX – Antibody directed against “XXX”  

AAH – Artificial aqueous humour 

ADP – Adenosine diphosphate 

ATP – Adenosine triphoshate 

ATPase – Adenosine triphosphatase 

BSA – Bovine serum albumin 

CLSM – Confocal scanning laser microscope 

Cx – Connexin 

DIDS - 4,4’-Diisothiocyanatostilbene-2,2’- 

sulphonic acid 

DIOA - Dihydroindenylalkanonic acid 

DMSO – Dimethyl sulfoxide (anhydrous) 

DNA – Deoxyribonucleic acid 

EDTA – Ethylenediaminetetra-acetic acid  

EGTA – Ethylene glycol-bis(β-aminoethyl 

ether)-N,N,N’,N’-tetraacetic acid 

FCS – Fetal calf serum 

Fluo-3AM – Fluo-3 actetomethyl ester (cell 

membrane permeant) 

HEPES – N-(2-Hydroxyethyl)-1-piperazine-1-

ethanesulfonic acid 

MW – Molecular weight 

NGS – Normal goat serum 

NPPB - 5-Nitro-2-(3-phenylproplyamino) 

benzoic acid 

PBS – Phosphate buffered saline 

pXX – (Animals) postnatal day XX 

RNA – Ribonucleic acid 

UV – Ultraviolet (λ<400nm) 

WGA – Wheat germ agglutinin 
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2.3 Animals 

Animals were housed in accordance with institutional guidelines, and sacrificed by CO2 

asphyxiation followed by cervical dislocation. The preparations described here were optimised for 

“weaner” age (p21-28) animals to minimise cost of procurement and to standardise protocols with 

other lab members. However, these protocols can be made to work equally well on neonatal lenses, or 

indeed in adult lenses, provided the end-point of the enzymatic dissociation step is titrated to the 

extent of capsular degradation.  

2.4 Lens dissection and handling 

Three to four week old Wistar rats of either sex were used in all experiments. Ocular globes 

were rapidly removed from the animal post-mortem and placed in a Petrie dish containing artificial 

aqueous humour (AAH – Table 2) which had been pre-warmed to 37 ºC in a water bath. No attempt 

was made to maintain this temperature during the course of experimentation with isolated fibre cells, 

except during the enzymatic dissociation step. Dissections were carried out under a variable-power 

binocular dissecting scope (Nikon – Tokyo, Japan). The dissection dish contained a well moulded 

from Sylgard 184 (Dow Corning – Midland MI, USA) which helped to immobilise the preparation. 

The globe was opened by inserting the point of a pair of tiny scissors (World Precision Instruments - 

Sarasota FL, USA) into the optic nerve insertion (Figure 11 A, B). Four radial cuts were made into the 

sclera as far as the border of the cornea (Figure 11 A, B). Two of the scleral “flaps” thus created were 

grasped with forceps and everted to “pop out” the lens, after which the lens was carefully freed from 

the ciliary body and attached retinal fragments by cutting the suspensory ligaments (Figure 11D). 

Lenses were manipulated with the utmost care – usually being dissected free without touching the lens 

with any implement. Isolated lenses were transferred from vessel to vessel or to and from weighing 

equipment using custom-made lens loops fashioned from heat-fused Pasteur pipettes bent into a 

smooth ring at the tip. Careful manipulation maintained lens clarity in vitro in control lenses up to 18 

hours under tissue culture. Rough handling of lenses produced visible opacities which developed 

within a few minutes, becoming evident to the naked eye within the 1 hour “screening time” 

incorporated into the tissue culture protocol. 
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Figure 11 –Anatomy and dissection of the ocular globe. A - Lateral view of the ocular globe showing the cornea 
(C), lens (L), sclera (Sc), optic nerve (ON) exit and path of dissection incisions to the corneal border (---) B - 
Posterior view of the ocular globe showing incisions to create scleral flaps via the optic nerve (ON) insertion 
(dashed lines) C - Whole lens (L) prepared for electrophysiology: Scleral flaps (Sc) impaled onto pins (P) Lens is 
shown impaled with a microelectrode (M) D- Detail showing the lens supported by suspensory ligaments (SL) 
attached to ciliary body (CB). Suspensory ligaments were cut with scissors to free lens for subsequent manipulations 
as described in text.  
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2.5 Solutions and buffers used 

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

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

electrophysiological solutions were made up to 300 mOsmkg-1 with crystalline sucrose or mannitol. 

Hypotonic versions of the same bathing (AAH) solutions were created by omission of 25 mM of the 

dominant Na+-containing compound (NaCl, NaGluconate, NaI, NaNO3), thus removing ~50 mOsm 

of osmolyte from the solution. Such hypotonic media were made up to 250 mOsmkg-1 by addition of 

crystalline sucrose or mannitol as necessary. Pharmacological and other agents were usually made up to 

working concentration in bathing media from concentrated stocks prior to use. Such dilutions were 

usually made fresh, or made, aliquotted and frozen at -18 ºC for subsequent use. 
Table 2 – Solutions used 

Artificial Aqueous 

Humour (AAH) 

NaCl 149 mM, KCl 4.7 mM, CaCl2 2.5 mM, HEPES.NaOH 5 mM, 

Glucose 5mM, pH 7.4 (dropwise NaOH/HCl as required). 

“Chloride-free” AAH NaGluconate 149 mM, KGluconate 4.7, CaCl2 2.5 mM HEPES.NaOH 

5 mM, Glucose 5 mM, pH 7.4 (dropwise NaOH/HCl as required*). 

NaI AAH NaI 149 mM, KCl 4.7 mM, CaCl2 2.5 mM, HEPES.NaOH 5 mM, 

Glucose 5 mM. (dropwise NaOH/HCl as required*). 

NaNO3 AAH NaNO3 149 mM, KCl 4.7 mM, CaCl2 2.5 mM, HEPES.NaOH 5 mM, 

Glucose 5 mM. (dropwise NaOH/HCl as required*). 

Whole-cell patch clamp 

pipette solution 

NaCl 10 mM, KGluconate 130 mM, CaCl2 1.3 mM, MgCl2 4.1 mM, 

HEPES.KOH 5 mM, EGTA 5 mM, pH 7.4 (dropwise KOH/HCl as 

required). 

Collagenase Dissociation 

Buffer 

NaGluconate 170 mM, KCl 4.7 mM, HEPES.NaOH 5 mM, Glucose 5 

mM, pH 7.4 + Collagenase (Sigma Type 1A Cat#C9891) 0.125 % w/v 

SEH/Trypsin 

Dissociation buffer 

Sucrose 280 mM, EDTA 10 mM, HEPES.NaOH 10 mM, pH 7.4 

(dropwise NaOH/HCl) + Trypsin 0.6 mgmL-1 

Phosphate Buffered 

Saline (PBS) 

10 mM Phosphate Buffer, 2.7 mM KCl, 137 mM NaCl, pH 7.4 – 

made from tablets (Sigma Chemical Company, St. Louis, MO) 

Immunological blocking 

solution 

For Santa Cruz Biotechnology αClC3: 6% Horse or donkey serum in 

PBS. For all other 1º antibodies: PBS + 3% Bovine Serum Albumin, 

3% Normal Goat Serum. 
 

*NOTE it is acknowledged that pH balancing with HCl introduced small amounts of additional Cl- ions 
into these supposed “low chloride” media. No attempt was made to quantify this addition, since the pH-ing 
requirement varied somewhat between individual batches of solution but were always rather small in terms of 
overall ionic content of the solutions.  
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2.6 Fibre cell isolation methods 

2.6.1 Collagenase dissociation 
After removal of extraneous tissue, the lens capsule was ruptured by making a small tear at the 

posterior pole and then removed using two pairs of specially sharpened forceps. Mechanical 

decapsulation has been used previously to obtain populations of epithelial cells and short, 

differentiating fibre cells which remain attached to the capsule when manually removed (Donaldson et 

al., 1995). By penetrating deeper down the suture lines with the sharpened forceps, bundles of larger 

fibre cells could be gently peeled away with the detached capsule. Capsules with adherent fibre cells 

were transferred immediately to an Eppendorf tube filled with 1 mL of collagenase Dissociation 

Buffer (Table 2) in a water bath (Grant – Cambridge, UK) at 35 °C, and incubated for 35-40 minutes 

with occasional gentle flicking to re-expose settled cell clumps to the enzyme solution. After 

dissociation, cells were gently vortexed before being pelletted in a centrifuge (Denver Instruments – 

Denver CO, USA) at 1,000 rpm for 2½ minutes. The supernatant was aspirated off and cells were 

resuspended in 200 μl of AAH, to which 1 mM GdCl3 had been added. 

Working [collagenase] was titrated empirically for each batch of enzyme received, as its 

effectiveness seemed to vary considerably. Variation in enzyme activity has been noted in dissociation 

of other tissue types (Trube, 1983), where varying effectiveness in matrix digestion has been attributed 

to the varying concentration of other contaminant proteolytic enzymes. Collagenase concentration was 

adjusted to yield capsule digestion and cell dissociation within the 30 minute incubation time (with 

gentle agitation). Variation of agitation/incubation time modulated the extent of dissociation, thus 

producing preparations which were dominated either by multicellular bundles or rafts (Figure 20), or 

by single cells. 

2.6.2 Trypsin/SEH  
This collagenase-based enzymatic dissociation reliably produced viable fibre cells of up to 400-

500 μm in length while keeping the bathing conditions as physiological as possible for the cells during 

isolation. In addition, attempts were made to adapt the method described in (Bhatnagar et al., 1995) to 

produce preparations of very long fibre cells, while still allowing their characterisation in physiological 

[Ca2+]o. Lenses were dissected free from the excised globe as described earlier, and smoothly 

decapsulated with minimal disruption of underlying cell layers. The lens capsule plus the remainder of 

the lens body were transferred to an Eppendorf tube at 35 ºC containing Ca2+-free SEH (Table 2) 

dissociation solution, supplemented with 0.6 mgmL-1 Trypsin (Sigma-Aldrich).  
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Dissected lenses were incubated in enzyme at 35 ºC in a water bath (Grant – Cambridge, UK) 

for 10 mins, then removed and placed at room temperature (18-20 ºC) on a tube roller at ~0.3 

revolutions/sec for 5 mins. This rolling motion seemed to facilitate cell dissociation, before addition of 

an equal volume of fetal bovine serum (FBS) to stop the trypsin reaction. Cells were lightly vortexed to 

help break up large clumps, and centrifuged at 1000 rpm for 2 minutes to pellet the isolated cells. Very 

gentle treatment in these and subsequent steps were necessary to preserve cell vitality. The supernatant 

was removed and discarded, and the cells resuspended in Gd3+-containing AAH for further 

experimentation. 

2.6.3 Isolated fibre cell survival analysis 
Fibre cells isolated using either trypsin/SEH or collagenase were resuspended in a minimal 

volume of AAH (~200 μl) containing 2.5 mM Ca2+. The resulting preparation was then plated into a 

micrographic imaging chamber constructed from a Poly-L-lysine-coated microscope slide covered in 

200 μm Teflon tape (3M, Berkshire, UK) from which a 15 mm circle had been punched. The cells 

adhered to the base of this chamber and were mounted with a #1 square cover slip sealed with 

VaselineTM. This preparation was then imaged on a Zeiss inverted research microscope (IM35, Karl 

Ziess, Frankfurt, Germany) and cellular vesiculation was monitored over time under DIC illumination. 

Areas of high cell density were chosen by eye for longitudinal imaging as rapidly as possible after 

plating. Images were acquired every 30 seconds for the duration of the experiment, usually ~120 

minutes (Bhatnagar et al., 1995). “Time to vesiculation” was taken as the first image where the fibre 

cell body became reduced to one or more spherical bodies resembling “beads on a string”, as 

described in the literature (Wang et al., 1996) (Figure 14C-E). 

2.6.4 Differential Interference Contrast (DIC) microscopy 
Optimal sensitivity and resolution of DIC optics were obtained by careful attention to the 

Köhler principles of illumination and aperture control, and optimal choice of coverslip thickness 

matched to the microscope optical specifications. Images were spatially calibrated using a 10/100 μm 

micrometer glass-etched scale, allowing off-line cell length measurement. Cell length measurements 

and 2-D projection volume estimates were made using Scion Image‡ (Scion Corporation, Frederick, 

MA, USA) and its Java-based evolution ImageJ§ (developed by National Institute of Health, USA).  

                                                 
‡ available for free download at http://www.scioncorp.com/downloads/scion_image/SetupWinB403.exe 
§ available for free download at http://rsb.info.nih.gov/ij/ 
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2.7 Electrophysiological Methods 

2.7.1 Whole-cell patch clamping - equipment 
Two experimental patch clamping systems were used in this project - both assembled and 

maintained by the author. One system was based around a Zeiss IM35 inverted microscope (Karl 

Ziess - Frankfurt, Germany) and was fitted with a pair of matching Axopatch 1-D amplifiers (Axon 

instruments – Union City CA, USA). Patch pipettes were mounted directly to the headstages of these 

amplifiers and positioned with piezoelectric micromanipulators (Luigs & Neumann - Ratingen, 

Germany). The system was controlled by a PC Celeron™ 500 MHz computer running the pClamp 

v7.0 software package (Axon instruments) under Windows 2000™ (Microsoft - Sacramento CA, 

USA). Analogue to digital conversion was provided by a Digidata 1200B digitiser (Axon Instruments). 

Digitised data was written directly to disk for offline analysis. Cells were imaged using Differential 

Interference Contrast (DIC) illumination or epifluorescence microscopy and still-frame pictures were 

captured using a monochrome CCD camera (Panasonic – Yokohama, Japan) mounted to the 

microscope via a 80:20 beam-splitting prism. Image capture was achieved via a USB frame grabber 

device (Pinnacle Systems – Mountain View CA, USA) linked to the same computer system. 

The second experimental system was developed around a Nikon EclipseTM inverted microscope 

(Nikon, Melville, NY, USA) fitted with high-performance fluorescence optics. Patch clamping was 

performed using a single Multiclamp 700A amplifier (Axon Instruments) that was fitted with two 

matching high-current headstages. Patch pipettes were mounted directly on these headstages, which 

were positioned using a pair of piezoelectric manipulators (Burleigh PCS-5000 - Exfo Life Sciences, 

Missisuaga, Ontario, Canada). Data was digitised using a Digidata 1322A SCSI analogue-digital 

converter (Axon Instruments). This system was controlled by a PC Pentium™ II 266 MHz computer 

running the pClamp v8.1 software package (Axon Instruments) under Windows 98™ (Microsoft - 

Sacramento CA, USA). Images were acquired via a cooled CCD camera (Photometrics Imagepoint - 

Roper Scientific, Tuscon, AZ, USA) attached to a DT3155 PCI frame grabber card under the control 

of Axon Imaging Workbench v2.2 (Axon Instruments). 

2.7.2 Bath setup and perfusion system 
The cell suspension was plated out onto a poly-L-lysine-coated recording chamber which was 

specially designed and custom-made by the author to provide laminar fluid flow under perfusion (see 

Design Appendix). After leaving the cells to settle and adhere for approximately 5 minutes, the bath 

was overlaid with Gd3+-containing AAH to give a bath volume of ~1 mL. All single-cell 

electrophysiological experiments were conducted at “room temperature” (~20 °C). The bath was 

perfused under gravity at a rate of ~1-2 mL/min. Drug solutions were injected in 1.5 mL volumes via 
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a custom-made low-deadspace manifold fabricated from 10 μL pipette tips using a peristaltic pump 

(Gilson Minipulse™ – Middleton WI, USA) and a network of multi-way taps to control solution flow. 

Wash-out of solutions was achieved via continuous aspiration of the bath surface from a connected 

bath compartment to give a constant immersion depth. The perfusion system was usually kept running 

during recording to ensure constant delivery of fresh solution to the bath, except where prohibited by 

reagent costs.  

2.7.3 Whole-Cell patch clamping 
Patch Pipettes were pulled from 1.2 mm glass capillaries (Clarke Electromedical Instruments, 

150T-10) using a “Brown-Flaming” horizontal pipette puller (Sutter Instruments, Model P-77). 

Pipettes were lightly fire-polished on a microforge (Beaudouin – Paris, France) and backfilled with 

filtered pipette solution (Table 2). Pipettes of optimal geometry for whole-cell recordings in this 

preparation had resistances of between 3-5 MΩ when filled with this solution. The bath was grounded 

by connection of an AgCl-coated silver wire via a 3% agarose “salt bridge” made with pipette solution 

(Table 2) prepared inside a bent glass capillary tube and positioned in the bath. 

Positive or negative pressure could be applied to the pipette interior by connection of stiff-

walled tubing to a 5 mL pipette lubricated with silicone oil. A barometric U-tube set-up allowed 

control over application of positive approach pressure (~10 cmH2O) and negative intracellular 

pressure for seal formation. Electrode bath-time was minimised and approach track visually guided to 

maximise successful seal formation, avoiding debris or using pressure-ejected intracellular solution to 

“blow away” debris from cell surface. High quality DIC illumination was also necessary to avoid 

electrode placement directly over nuclei, and to visualise crumpling, swelling, or “ghosting” of cells as 

they degraded (as in Figure 14).  

Gigaohm seal formation is thought to be due to direct molecular interaction at the cell-electrode 

interface (Hille, 2001). Formation could be relatively instantaneous on releasing positive approach 

pressure, or developed more slowly over a period of time, “encouraged” by gentle pressure alterations 

and negative voltage holding potentials. Suction pulses or the “Zap” function on the amplifier were 

then used to rupture the membrane patch and obtain the “whole-cell” recording configuration. Fibre 

cell membranes were particularly difficult to disrupt with negative pressure alone, however judicious 

use of the “Zap” control at minimum setting (+1.5 V, 0.1 ms) under slight negative pressure was 

almost always sufficient to achieve whole-cell recording configuration. Seal formation and patch 

rupture was monitored by constant passage of 10 mV hyperpolarising voltage pulses, which were 

monitored visually on an oscilloscope and analysed dynamically online using the automated analysis 

feature of Clampex to monitor cell membrane parameters.  
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Figure 12 – Automated electrophysiological protocol for whole-cell characterisation 



- 43 - 

The capacitance transient associated with the pipette plus holder was nulled using the amplifier 

capacitance compensation prior to approaching cells. Giga-Ohm seal formation was accompanied by a 

substantial drop in current flow in response to small depolarising voltage steps, while further suction 

and rupture of the membrane patch (“going whole-cell”) caused a significant increase in the size of the 

observed capacitance transients. Characterisation of cell membrane properties was achieved by the 

application and recording of both depolarising and hyperpolarising voltage steps (Figure 12). Current 

responses to voltage steps and ramps were usually filtered at 2 kHz using the inbuilt 4-pole Bessel filter 

and sampled at 10 kHz, except in the case of capacitive transient analysis where sampling was at 100 

kHz with the anti-aliasing filter set at 10 kHz, a value which did not bias the transient response to a 10 

mV hyperpolarising voltage step when compared to an open filter. Current records were analysed both 

on- and off-line using Clampfit v9.0 (Axon Instruments) (see Appendix B). Characterisations of fibre 

cell membrane properties were performed before, during, and after perfusion to exchange the bath 

contents, allowing functional responses to experimental manipulations to be probed. 

2.8 Whole lens electrophysiology 

2.8.1 Dissection and pinning preparation 
The dissection to create a lens preparation suitable for microelectrode analysis differed slightly 

from that to create isolated fibre cells (above), or to isolate the lens intact for immunocytochemistry 

(below). The four posterior scleral incisions were created as above (Figure 11 A, B), but instead of 

everting the eyeball to displace the lens, the tips of the scleral “flaps” were pinned out (Figure 11C) 

into a custom-made recording chamber (Figure 13). Within this chamber, the lens and intact anterior 

chamber was held immobile in a continuous stream of warmed perfusate (35 °C) via a Peltier element 

heat exchanger placed inline to the recording chamber (Figure 13). This device was driven by an in-

house designed controller circuit, and a bath temperature feedback signal was provided by a thermistor 

mounted in the bath close to the lens. Thermal control of the lens environment was necessary to 

preserve lens transparency and avoid “cold cataract”, as well as to avoid the run-down in membrane 

potential observed on cooling the lens (Paterson and Delamere, 2004). 

The pinned-out lens preparation was overlaid with warmed AAH, and the bath level was 

controlled via continuous aspiration at the bath surface by a vacuum source. To de-gas solutions, 

aliquots were heated to 60 °C for a period of time and allowed to cool prior to experimentation. The 

recording chamber was perfused using three solution reservoirs independently controlled by 3-way 

taps, via a manifold with approximately 2 mL of downstream deadspace. Perfusion lines were placed 

in close proximity to the recording chamber to reduce “lag-time” between solution exchanges, and the 

chamber was designed to minimise dead-space (chamber volume ~2 mL). The solution flow rate was 



- 44 - 

set prior to each experiment by a mini flow clamp which was adjusted to ~2 mL/min. A rather more 

rapid time-course of solution exchange was later implemented by addition of a smaller unheated 

standpipe which was set up to deliver solution direct to the bath via a custom-made low-deadspace 

manifold fabricated from 10 μl pipette tips. Solution delivered in this manner was pre-warmed to ~37 

ºC in a water bath (Grant – Cambridge, UK) before being delivered to the bath in 8 mL aliquots (≥3 

bath volumes). The time tagging function of Axoscope v8 was used to synchronise switching between 

solutions and recorded electrical data. 
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Figure 13 - Whole lens electrophysiology setup. A- Schematic diagram of the whole lens electrophysiology 
recording system. B- Whole lens recording chamber - top view (left), side view (bottom), flow plain restrictor 
(right). C- Solution flow path through assembled recording chamber. 
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2.8.2 Whole lens electrophysiological setup 
Microelectrodes were pulled from glass capillaries (Clark Electromedical Instruments, 150F-10) 

using a pipette puller (P-77 Micropipette puller Sutter Instrument Co, Novato CA, USA) and had a 

resistance of between 3.4 to 4.2 MΩ when backfilled with 1M KCl. Microelectrodes were attached to 

the head stage of a microelectrode amplifier (TEV-200 Dagan Corporation – Minneapolis, MN, USA). 

Lens potential recordings were sampled at 1 Hz using a DigiData 1200B A/D converter (Axon 

instruments) and recorded using Axoscope v8.1 (Axon instruments) running on a Celeron 500MHz 

PC under Windows 2000™. The headstage was mounted on a micromanipulator (World Precision 

Instruments, Sarasota FL, USA) that was attached to the stage of a dissecting microscope (Stemi SV 

11, Zeiss, Frankfurt, Germany). The recording chamber containing the dissected lens was mounted on 

the stage of the dissecting microscope. Since the bottom of the recording chamber was optically clear, 

lens transparency could be assessed using dark-field illumination and recorded by a monochrome 

CCD camera (Panasonic WV-BP554 – Yokohama, Japan) This electrophysiological set-up was 

surrounded by a Faraday cage positioned on a vibration isolation table (Newport Corporation - Irvine 

CA, USA) to minimise electrical and vibrational noise. 

2.8.3 Experimental protocol  
The pinned lens was allowed to recover from dissection for approximately 30 minutes before 

being impaled for microelectrode analysis. The microelectrode was positioned laterally to the lens axis 

and lowered to enter the bath surface. The bath was grounded by connection to an AgCl-coated silver 

wire 1M KCl half cell via a 3% agarose 1M KCl “salt bridge”. Electrode offset was zeroed on the 

amplifier and tip resistance measurements were made by passing square-wave voltage pulses prior to 

impalement. To accomplish impalement with a minimum of tissue disruption, the electrode tip was 

advanced until the lens surface was visibly dimpled, at which point a gentle “tap” of the rear of the 

electrode holder would result in a stepwise penetration of some 100-300 μm into the lens cortex. This 

usually resulted in the immediate recording of a hyperpolarised membrane potential of ~-70 mV in 

healthy lenses, which would remain stable for several hours under temperature-controlled conditions.  

Initial Elens measurements were usually seen to change somewhat in the period following 

impalement. Often this resulted in a further hyperpolarisation of the membrane potential as 

microelectrode damage was isolated by membrane resealing. Some lenses, however, displayed a gradual 

rundown of Elens over the period following impalement. This could indicate either that the electrode tip 

has been blocked by contact with some intralenticular obstruction, or a gradual deterioration of the 

lens itself. These situations could be differentiated by the response to a further advancement of the 

electrode, which usually resulted in return to the initial Elens value. Electrodes which could not be 
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salvaged by this manoeuvre were withdrawn and replaced before impalement into a different region of 

the lens. Depolarised behaviour on reimpalement indicated that lens health had been compromised. 

Lenses which maintained a consistently low Elens measurement displayed some quite different 

responses to ionic and pharmacological manipulation, which will be described in later sections. Lenses 

could be reimpaled several times over the course of the experiment and maintained their 

hyperpolarised intracellular potential. In some cases repeated electrode advancement lead to deep 

penetration of the cortex and subsequent removal caused gross depolarisation of lens potential. Such 

lenses were discarded. Mean lens potential was determined at baseline and both pre- and post-

exposure to solutions of a varying ionic composition. Extralenticular solution exchange was 

accomplished using constant perfusion, with a minimum of 3-4 bath volumes of replacement solution 

delivered between manipulations to ensure complete exchange of bath contents.  

2.8.4 Data analysis 
Raw voltage traces were filtered off-line in Clampex v9.2 (Axon instruments, Union City CA, 

USA) using a 21 point moving-average “box-car” kernel. Exponential functions were fit to onset and 

offset of observed responses using a Chebyschev iteration implemented in Clampex v9.2. The output 

values from exponential extrapolation were compared to discrete “steady state” values to evaluate the 

goodness of data fit. In cases where it was clear that a response had been prematurely truncated, the 

extrapolated constant term from the exponential fit was used to estimate steady state potentials. 

Summarised data was plotted in Microsoft Excel (Microsoft Office, Redmond WA, USA) and 

statistical analysis was performed using Origin v7.5 (Originlab corporation, Northampton, MA, USA). 
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2.9 Histological preparations 

The lens is a tissue of great beauty under the microscope, and has attracted a lot of histological 

attention over the last centuries. The awkward combination of a hard lens nucleus inside a relatively 

soft outer cortex requires care in fixation and design of sectioning conditions to preserve tissue 

architecture and epitope structure. 

2.9.1 Tissue sectioning - vibratome and cryosectioning 
All lenses for immunocytochemistry were processed by fixation in 0.75% paraformaldehyde in 

PBS for 24 hours in the dark at room temperature. Fixed lenses were cryoprotected for 1 hour in each 

of 10% and 20% sucrose in PBS at room temperature, then held overnight in 30% sucrose at 4 ºC. 

Lenses were mounted onto chucks, embedded in Tissue-Tek O.C.T. compound (Sakura Finetek 

Europe, The Netherlands), rapidly frozen in liquid N2, and 10 µm thick equatorial cryosections were 

cut on a cryostat (CM3050 - Leica Microsystems, Wetzlar, Germany) at -17 ºC. 

2.9.2 General membrane labelling 
Lens sections were labelled with Wheat Germ Agglutinin (WGA, 1:50), which labels membrane 

glycoproteins in sectioned tissue. Since the lens has an abundance of such glycated membrane 

moieties, WGA gave a strong membrane signal which allowed the comparison of antibody labelling 

within tissue regions to be defined as membranous or cytoplasmic (Jacobs et al., 2001; Jacobs et al., 

2003). Various fluorophore conjugates of WGA were used in experimentation (TRITC, FITC, 

Alexa350 – Molecular Probes, Eugene, OR, USA), chosen for spectral compatibility in double-

labelling with fluorescently-detectable 2º antibodies. 

2.9.3 Immunocytochemistry - labelling of ClC channel isoforms 
Sections were adsorbed onto poly-L-lysine-coated cover slips, washed 3x with PBS and blocked 

with 3% bovine serum albumin (BSA) and 3% normal goat serum (NGS) in PBS for 1 hour at room 

temperature. Sections were incubated with primary antibodies directed against ClC-2 (Alomone Labs - 

Jerusalem, Israel) and ClC-3 (from both Alomone Labs and Santa Cruz Biotechnology – Santa Cruz, 

CA, USA, both used at 1:150 dilution). FITC-conjugated swine anti-rabbit secondary antibody (1:40) 

(Dako, Copenhagen, Denmark) were diluted in BSA/NGS blocking solution and applied to sections 

for 2 hours in the dark at room temperature. WGA-fluorophore (1 µg/mL in PBS) was then applied 

for 2 hours in the dark at room temperature before labelled sections were washed 3x with PBS and 

mounted in Citifluor AF1 (Agar Scientific, Stansted, Essex, UK). Sections were examined using a 

confocal microscope (TCS 4D, Leica Lasertechnik, Heidelberg, Germany) fitted with an argon–

krypton mixed gas laser. Tissue sections prepared for CLSM were stored at 4 ºC in the dark.  
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Imaging parameters were optimised for the individual fluorophores, and combinations of 

fluorescent moieties used within labelling protocols were chosen for optimal separation of their 

fluorescent emissions. Once established, PMT voltage and offset were maintained within imaging 

sessions thus allowing quantitative comparison of signal strength between sections, and between areas 

of individual sections. Overview images of sections were taken at low objective and laser power, with 

higher power views taken from regions of interest. To reconstruct the distribution of labelling within 

regions of the lens cortex, multiple stacks of high-resolution images were taken and registered offline 

to reconstruct large areas of tissue signal. Images from the confocal microscope were stored in an 8-bit 

TIFF format, and analysed offline in Adobe Photoshop v7 (Adobe Systems – San Jose, CA, USA). 

Image tiles were aligned by pixel-level visual comparison, and compiled to accurately reconstruct tissue 

morphology over large areas of the lens. Pseudocolouring and overlaying image channels allowed 

comparison of antibody labelling patterns with lens cellular structure over large areas (Jacobs et al., 

2003).  

2.9.3.1 Quantifying peptide control signal knock-down  
Concern over the specificity of polyclonal αClC3 antibodies (Stobrawa et al., 2001) lead to the 

choice of another commercially-available antibody for which a control antigenic peptide was available 

for comparison (Santa Cruz Biotechnology, Santa Cruz CA, USA). Antigenic peptide was also 

available for the αClC2 antibody used (Alomone Labs, Jerusalem, Israel). Peptide control sections 

were prepared by mixing primary antibody with antigenic peptide added to specified excess according 

to manufacturers’ instructions in 100 μl PBS. The peptide-antibody reaction mixture was maintained at 

37 ºC in a water bath for 2 hrs and at 4 ºC overnight. The reaction mixture was then centrifuged at 

14,000 rpm for 15 minutes to pellet immune complexes. The supernatant was aspirated off and 

retained leaving the last ~15 μL containing pellet and invisible immune complexes to be discarded. 

Serial dilutions were then prepared for section labelling from both the working primary antibody and 

the antigen-preabsorbed antibody which were then used for immunolabelling. Control images were 

taken from αClCX-labelled sections where the primary antibody was omitted (“No-1º control”), and 

sections labelled with primary antibodies which were previously incubated with the commercially-

available antigenic peptide (“Peptide Control”) at varying levels of concentration excess (25:1, 50:1, see 

Appendix D).  
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2.10 Statistical methods 

Electrophysiological data were statistically analysed primarily in Origin™ v7.5 (Originlab 

Corporation, Northampton MA, USA) using analysis of variance (ANOVA) methods as appropriate 

(see Appendix C). Two-population comparisons were implemented within an ANOVA framework to 

assure consistency of approach. Differences between group means were deemed significantly different 

at the P =0.05 level, using the Bonferroni correction for post-hoc comparison of means - thus 

preserving experiment-wide error rate in multiple-group ANOVA (see Appendix C). P-values are 

given in the text, tables or figures. For the rationale behind analysis and an overview of the statistical 

tests performed, see Appendix C. 
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Chapter 3 

Creation of a viable isolated fibre cell preparation 
It has been postulated that lens homeostatic processes are supported by an internal circulatory 

system which facilitates the delivery of nutrients through the lens tissue (Mathias et al., 1985). Radial 

ion and fluid flows are directed inward towards the lens core via the extracellular spaces between lens 

fibre cells, and outward towards the lens surface via a cytoplasmic route mediated by gap junction 

channels (Mathias et al., 1997). The lens circulation system as formulated by Mathias proposes that 

circulating ion and fluid fluxes are generated by spatial variations of ionic permeabilities in the lens 

(Mathias et al., 1985). To validate this internal circulation model, a detailed analysis of the transport 

processes responsible for mediating these ionic fluxes is required. While the epithelial population has 

undergone extensive study (Rae, 1986; Stewart et al., 1988; Rae et al., 1990; Cooper et al., 1992; Rae, 

1993; Donaldson et al., 1994; Rae, 1994), there is a lack of information on native fibre cell membrane 

properties due to their extreme differentiation, fragility, and apparent incapability of independent 

existence outside the lens. In this chapter I will detail attempts to produce a viable preparation of lens 

fibre cells amenable to patch clamp analysis. 

3.1 The dea(r)th of isolated fibre cells 

“A major failure to date has been the inability to develop preparations of isolated 
fibre cells to which these techniques (patch clamping) can be applied. The 
development of such a preparation is critical if we are ever to understand the 
electrophysiology of these important cells” (Rae et al., 1990) 

Past efforts to produce viable isolated fibre cell preparations for electrophysiological study have 

been only partially successful. Isolated lens cell preparations tended to contain only very short, 

epithelial-like fibre cells (Donaldson et al., 1995) since the more elongated fibre cells, when isolated in 

the presence of physiological [Ca2+], rapidly vesiculate into a series of discrete, right-side-out vesicles 

(Pasquale et al., 1990; Miller et al., 1992; Bhatnagar et al., 1995). Elongated fibre cells lack functional 

Na+/K+ ATPase and K+ channels which maintain the negative intracellular potential of most cells. 

Instead, fibre cells rely on coupling to the electrogenic epithelium for maintenance of their negative 

resting potential (Kinsey and Reddy, 1965; Duncan, 1969a). When isolated from these surface cells, 

elongated fibre cells depolarise (Srivastava et al., 1999), swell due to Donnan forces (Wang et al., 1997), 

and undergo pathological calcium influx (Wang et al., 1996; Srivastava et al., 1997). Calcium influx 

triggers vesiculation due to the degradation of key structural proteins by Ca2+-dependant proteases 

(Wang et al., 2001; Chandra et al., 2002) and loss of structural integrity. These fibre-derived vesicles 
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retain functional activity in certain ion exchange mechanisms (Ye and Zadunaisky, 1992b, a; Zhang 

and Jacob, 1994) and internal esterase enzymes (Galvan and Louis, 1988; Varadaraj et al., 1999) and 

have been analysed by patch-clamp, the drastic membrane and ionic events which underlie vesicle 

formation raise questions over their physiological relevance. A preferable approach would be to isolate 

and functionally characterise intact, viable fibre cells from the lens; thus permitting direct examination 

of fibre cell membrane properties in the acutely dissociated native cell type. 

3.2 Previous cell isolation and dissociation strategies 

The development of a fibre cell dissociation strategy to yield a population of elongated fibre cells 

amenable to electrophysiological analysis has been guided by previous attempts to isolate fibre cells. 

Donaldson and co-workers utilised the whole-cell patch-clamp configuration to record whole-cell 

membrane currents from short fibre cells isolated from neonatal mouse lenses (Donaldson et al., 

1995). In this preparation, lenses were stripped of their capsules and capsule-adherent cells were 

isolated by a collagenase/pronase enzyme treatment. The short isolated fibre cells obtained exhibited 

an epithelial-like K+ conductance, while isolated pairs of fibre cells demonstrated junctional coupling. 

Unfortunately a more in-depth characterisation of the K+ conductance proved difficult because the 

membrane properties of isolated fibre cells degraded over time, often mid-recording, by 

hyperactivation of leak currents. A similar degradation of cells was earlier noted by Miller et al (1992), 

who dissociated embryonic chick lenses and noted the temporary presence of elongated (100-200 μm 

long), fibre-like cells in the bath (Miller et al., 1992). These cells degraded rapidly, however, and were 

usually observed as clusters of 100’s of cells and were only occasionally adherent to the coverslip 

(despite use of poly-L-lysine). Similarly, Jacob and co-workers (1996) obtained short viable fibre cells 

from the bovine lens by enzymatic dispersion and plated them in physiological media embedded in the 

surface of low-temperature agar (Zhang and Jacob, 1996). From 13 cells, these authors presented data 

to suggest that fibre cells contain a volume-activated Cl- conductance which could be activated by 

hypotonic swelling. The observed current appeared pharmacologically similar to channels they had 

discovered in fibre-derived vesicles (Zhang and Jacob, 1994), but remained incompletely characterised 

in these isolated cells (Zhang and Jacob, 1996). Cells were examined through a very high access 

resistance (average 58.8 MΩ), and their characterisation suffered from very low n per experiment 

(n=3-4 per manipulation). Electrophysiological protocols consisted of very short-lived steps (~200 

ms) to a restricted range of test voltages (±40, 80 mV) from a holding potential of 0 mV. Thus, 

difficulties in maintaining membrane integrity under whole-cell patch-clamp in the presence of Ca2+ 

makes such experimentation problematic and restricts possible functional experimentation to minimal 

characterisation before cells undergo degradation and are lost. 
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These issues were addressed in part by a series of studies by Bhatnagar and co-workers, who 

obtained a preparation of highly elongated fibre cells from the rat lens by exposure to a non-ionic 

trypsin buffer in combination with an elaborate temperature protocol (Bhatnagar et al., 1995). By 

heavy buffering of pH and [Ca2+] in the dissociation media with HEPES and EDTA respectively, 

elongated fibre cells that excluded trypan blue, synthesised lactate and contained normal levels of high-

energy phosphates and glutathione could be obtained (Bhatnagar et al., 1995). These same authors 

monitored [Ca2+]i in these isolated cells using calcium sensitive fluorophores (Srivastava et al., 1997; 

Wang et al., 2001). Resting [Ca2+]i was found to be comparable to that in isolated myocytes (~100 nM), 

but could be raised rapidly on reexposure to external Ca2+ in an exponential process which preceded 

vesiculation (Srivastava et al., 1997). Vesiculation on exposure to calcium could be delayed by La3+ and 

verapamil, indicating that a plasma membrane Ca2+ entry mechanism was important. The addition of 

protease inhibitors preserved elongated cell morphology in the face of high [Ca2+]i (Wang et al., 2001; 

Chandra et al., 2002), indicating that Ca2+ influx was a trigger for the activation of Ca2+-dependant 

proteases. Unfortunately, the use of non-ionic media in these investigations precluded 

electrophysiological characterisation of these elongated cells. 

Based on the work of Bhatnagar et al, Eckert developed an alternative ionic dissociation 

medium, which utilised nominally Ca2+-free conditions and produced elongated fibre cells amenable to 

patch clamp analysis (Eckert et al., 1998a). Isolated fibre cell bundles appeared robust under these 

conditions, demonstrating exclusion of ethidium homodimer and hydrolysis of acetomethyl (AM) ester 

dyes. Patch clamp analysis highlighted a dominant membrane leak conductance, in line with previous 

observations of whole lenses exposed to reduced [Ca2+]o (Jacob and Duncan, 1981). Leak subtraction 

revealed the presence of a novel slowly-activating current in isolated fibre cells up to 600 μM in length 

(Eckert et al., 1998a). This current displayed many of the characteristics of connexin 46 hemichannels 

exogenously expressed in oocytes and exposed to low [Ca2+]o (Ebihara and Steiner, 1993; Ebihara et al., 

1999). It was proposed that the conductance identified in isolated fibre cells represented functional 

connexin hemichannels, activated by membrane potential depolarisation and the low [Ca2+]o used in 

the dissociation protocol. While these pathways could play a role in the cataractic lens (Eckert et al., 

1998a; Eckert et al., 1998b), the magnitude and non-selective nature of the recorded conductances are 

inconsistent with estimates of membrane conductivity derived from electrophysiological analysis of 

intact normal lenses (Baldo and Mathias, 1992), and are thus unlikely to be physiological. Further 

pharmacological characterisation of this conductance in fibre cells proved impossible since the lack of 

cell adhesion precluded the perfusion of the recording chamber (Eckert et al., 1998a). 
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3.3 Development of a new method for fibre cell isolation 

From the above review of previous studies, it appears that fibre cell dissociation activates a 

destructive leak conductance which is permeable to calcium and induces fibre cell vesiculation. The 

activation of such leak conductances has been previously observed in whole lenses on removal of 

extracellular calcium (Rae et al., 1992), and could be partially blocked by the addition of various 

multivalent cations. In isolated fibre cells, removing calcium from the dissociation media improves 

viability but compromises cellular electrical properties by increasing ionic leak. Lowered extracellular 

calcium also impairs cell adhesion to the recording chamber, making experimental manoeuvres such as 

chamber perfusion difficult. To obtain physiologically meaningful recordings from isolated cells, a 

preparation method is needed which prevents the activation of this leak current while allowing 

functional characterisation by promoting cell adhesion.  

To achieve this, I hypothesised that blocking leak conductance activation in isolated fibre cells 

with multivalent cations, in the presence of physiological [Ca2+]o, would prevent vesiculation, promote 

cell adhesion, and thus facilitate electrophysiological investigation of the physiological properties of 

lens fibre cell membranes. To investigate this hypothesis, a time-course of fibre cell vesiculation in the 

presence of extracellular calcium was first established to serve as a basis for comparison of the 

effectiveness of leak current inhibition on fibre cell viability. This was then followed by an assessment 

of the ability of multivalent cations to prevent fibre cell vesiculation.  
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3.3.1 Fibre cell vesiculation in the presence of Ca2+ 
Following the methods of Bhatnagar et al, fibre cells were isolated from the rat lens using trypsin 

treatment at 37 ºC in sucrose-EDTA-HEPES (SEH-Trypsin) and their degradation in the presence of 

Ca2+ was monitored by time-lapse video enhanced microscopy (Bhatnagar et al., 1995). Cell survival 

was quantified as time to complete vesiculation (Bhatnagar et al., 1995), and compared with cells 

isolated by a collagenase treatment used previously in our laboratory (Donaldson et al., 1995). 

The morphological features of vesiculation were substantially similar to those described by 

others (Fagerholm, 1979; Bhatnagar et al., 1995), with cells undergoing progressive morphological 

degradation from elongated rod-like cells into clumps or strings of resealed vesicles (Figure 14A, B). 
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Figure 14 – Vesiculation of fibre cells in calcium-containing AAH. A – Isolated fibre cell preparation t+10 min 
from plating in physiological [Ca2+]. Note the range of cell lengths present, and the large amount of vesiculated 
debris and damaged cells already present. B – The same cell field t+120 min, note the destruction of elongated fibre 
cells and formation of clumps of discrete vesicles. C-E – Time-course and morphological features of vesiculation in 
fibre cells of a range of lengths. Note the formation of a single round body from the short fibre cell in C, and the 
degradative changes in cell nuclei during vesiculation (►). Scale bars 20 μm (C, D) 50 μm (E). 
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Fibre cells of different lengths displayed some interesting differences in their progression 

through vesiculation. Short cells displayed an initial swelling at their tips, but often retracted to form a 

single, larger vesicle at the endpoint of their degradation (Figure 14C). More elongated cells (Figure 

14D, E) also swelled initially from the ends, as noted by Fagerholm (1979), before manifesting a series 

of semi-regular constrictions along their medial axis which deepened over time to eventually split the 

cell into a series of vesicular fragments (Figure 14 C-E, right-hand panels). All cells examined initially 

contained nuclei, which also underwent progressive changes during cell degradation. Beginning as oval 

bodies that appeared convex under DIC illumination, nuclei became concave in appearance upon 

manifestation of early degradative change, and appeared to shrink during vesiculation, to ultimately 

disappear completely in late stage vesiculation (Figure 14 C-E, ►).  

Because of the high density of cells in the preparation it was usually possible to simultaneously 

monitor cells of a range lengths together as they degraded (Figure 14 A, B). Areas of high cell density 

were chosen for longitudinal imaging of cell vesiculation. To quantify the pseudo-exponential process 

which underpins the degradation of isolated fibre cells in physiological calcium, non-linear regression 

methods were used to describe the loss of fibre cells from the preparation. Single exponential and 

modified Weibull survival distribution equations were fit to vesiculation data (Figure 15) to facilitate 

comparisons to the earlier studies by Bhatnagar and co-workers (Wang et al., 1996; Wang et al., 1997). 

A comparative analysis of the two fitting methods is presented in Table 3. Because it was found that 

not all cells vesiculated in the time allotted, in contrast to these earlier studies, it was necessary to 

incorporate a constant term (C) into both fitted equations (see Table 3). This quantitative analysis 

demonstrates that not all cells degraded within the duration of the experiment (C≈0.3 in both 

analyses). The heterogeneity in cell survival is further demonstrated in Figure 16C, where an example 

cell field is followed over the indicated time-course during which several cells can be seen to vesiculate 

(▼), while others persist and appear to survive incubation (*). 
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Table 3 – Comparison of survival analysis fit methods 

Parameter (value ± error) Goodness of Fit 
Model Equation 

λ γ C χ2/df R2 
Modified 
Weibull CtS +=

γλt)-(e)(  0.0275 
±0.00341 

0.911 
±0.05744 

0.272 
±0.0354 0.00196 0.9554 

A τ Exponential 
Decay CAetS t += − τ/)(  1.0172 

±0.0468 
30.638 

±2.61852 

0.323 
±0.0201 0.00100 0.9755 
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Figure 15 - Survival of isolated fibre cells in solutions containing physiological [Ca2+]. The fraction of surviving 
cells was plotted over time, and non-linear regression was used to fit single exponential decay (red) and modified 
Weibull (blue) functions of the form indicated. Comparative fit parameters are contained in Table 3. 

 

On plating, cell membranes appear taut and have a rounded appearance, which becomes 

progressively or suddenly “deflated” upon degradation. This can be seen (Figure 16B) as a 

characteristic alteration in light transmission through the cell cytoplasm which occurs during 

vesiculation (as noted in Bhatnagar et al., 1997). As vesiculation proceeds, cell borders become less 

distinct and the homogeneous cytoplasm develops a granulated texture (Figure 16A).  
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Figure 16 – Heterogeneity in fibre cell vesiculation in vitro. A – A “good” cell (lower) attached to a damaged cell 
(upper). Note the “ghosted” cell outline, nuclear “inversion” under DIC optics (◄), and textured appearance of 
cytoplasm in the damaged cell ( ). Scale bar 20 μm. B – Isolated cell raft excessively trypsinised – note 
vesiculation is proceeding at different rates for different cells within the raft. Scale bar 25 μm. C – Vesiculation 
progression at the indicated time points in a sample field of cells, note that not all cells undergo complete 
vesiculation during observation time (*), while others perish early (▼). Scale bar 50 μm. 

 

Using these morphological criteria, the proportion of surviving cells and “mortal” cells were 

calculated and grouped by enzyme treatment, cell length, and occurrence as clusters, or as single cells 

(Figure 17A). The mean survival time of mortal cells within subgroups are expressed in Figure 17B, 

and appear together with mortal cell proportions in Table 4. Excessive treatment with dissociation 

enzymes, particularly trypsin, appeared to be damaging to fibre cells. An excessively trypsinised fibre 

cell raft is shown soon after plating in Figure 16B, demonstrating both the destructiveness of over-

exposure to this enzyme, and also the heterogeneous rate at which vesiculation can proceed. 
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Table 4 – Cell survival in AAH, compared by group 

Length Flanking cells Enzyme treatment Group 
<150 μm >150 μm Single Cluster Trypsin Collagenase 

All 

Survival 
time (min) 

(Mean ± 
SEM) 

37.46 
± 5.67 

57.54 
± 10.65 

45.25 
± 6.71 

51.67 
± 11.41 

51.25 
± 10.25 

41.46 
± 5.47 

46.73 
± 5.78 

% 
Survivors 36% 25% 17% 47% 22% 40% 32% 

Survivors 8 4 4 8 4 8 12 
n 22 16 24 17 18 20 38 
p  

(2-sample t-test) 
0.156 
(N.S.) 

0.707 
(N.S.) 

0.496 
(N.S.)  
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Figure 17 – Surviving fraction of isolated fibre cells in solutions containing physiological [Ca2+]. A - 
Comparative plot of “mortal” vs. surviving fractions of cells grouped by length, single cells vs. clusters, and enzyme 
treatment during isolation. B – Time to death (Mean ± SEM) plotted for mortal cells by groups in previous panel. 
Sample sizes and statistical parameters for panels E, F are detailed in Table 4. 

From the analysis, there was an apparent trend that longer cells (>150 μm) took longer to 

vesiculate in the presence of calcium than shorter cells (<150 μm), although the shorter cells contained 

a higher proportion of “survivors” - as did the collagenase-isolated group over trypsin treatment. 

Isolated cells occurring in clusters or rafts also displayed more prolonged survival, and a greater 

proportion of survivors, although none of the grouped comparisons proved statistically significant and 

thus remain indicative trends rather than hard differences. The suggested difference in survival of the 

shorter vs. longer cells was further investigated by independent fitting of the modified Weibull 

distribution to the two groups, but statistical comparison of regression parameters additionally ruled 

out any statistical difference between the survival curves (analysis not shown). Overall, nearly ⅓ of all 

cells survived until the end of these vesiculation experiments - a surprising finding that, in combination 

with the generally longer survival time (Mean 46.7 vs. 32.3 min (Wang et al., 1996)) suggests a 

substantial reduction in overall cell stress or damage induced by this improved isolation method. 

Having established the timecourse and morphological changes associated with the vesiculation of fibre 

cells incubated in physiological [Ca2+]o, the effectiveness of multivalent cations in preventing this 

vesiculation could now be evaluated. 



- 59 - 

3.3.2 Inhibition of fibre cell vesiculation by multivalent cations 
Initially, gadolinium (Gd3+) and cobalt (Co2+) ions were added to artificial aqueous humour 

(AAH) containing physiological [Ca2+]o and their effect on cellular morphology was evaluated over 

time. In the presence of Gd3+ and Co2+ at concentrations chosen to inhibit non-selective cation 

channels (1-3 mM, Hamill and McBride, 1996) and Cx46 hemichannels (4 mM, Ebihara and Steiner, 

1993) respectively, fibre cells maintained their elongated, fibre-like morphology in the presence of 

physiological [Ca2+]o for extended time periods (Figure 18). This indicated that pathological Ca2+ 

overload and vesiculation were effectively inhibited by these multivalent cations. Maintenance of an 

elongated morphology by cells of a range of lengths is illustrated in Figure 18, where both short and 

very elongated cells maintain their fibre-like morphology for periods exceeding 4 hours, in contrast to 

the vesiculation behaviour detailed earlier in the presence of Ca2+ (Figure 14). Although individual cells 

are still lost from the preparation in the presence of Gd3+/Co2+ blocking solutions, probably indicating 

critical damage sustained during isolation (Figure 18, ◄), the bulk of the isolated fibre cells remain 

elongated and mechanically stable for periods exceeding 4 hours in this example. 

A B 

C D 

◄ ◄ ◄ 
◄ 

◄ ◄ 

 
Figure 18 - Maintenance of fibre-like morphology for extended periods in the presence of Gd3+/Co2+ and 
physiological [Ca2+]o. A - D Isolated field of fibre cells, plated in the presence of multivalent cations, shown over 
time. Cells isolated display a wide range of lengths. Note the loss of individual cells (◄) damaged by dissociation, 
contrasted with the preservation of other cells over extended time periods while maintaining elongated morphology. 
A – t+60 min. B – t+120 min. C – t+180 min D – t+240 min. Scale bar 100 μm. 
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To assess the metabolic and membrane status of fibre cells in the presence of Gd3+/Co2+, cells 

were incubated during dissociation with a membrane-permeable form of the calcium-sensitive dye 

Fluo-3AM. Cytoplasmic cleavage and retention of –AM ester fluorophores in fibre cells isolated under 

non-ionic conditions has previously been used to confirm membrane integrity (Wang et al., 1996; 

Eckert et al., 1998a). Cleavage and retention of these compounds within the cytoplasmic compartment 

is indicative of a functional esterase system, and thus metabolic competency; and also membrane 

integrity, since the compound is retained intracellularly against a concentration gradient. 

 A B 

 
Figure 19 - Ester hydrolysis by isolated fibre cells confirms metabolic integrity. A –Fibre cell pair loaded with 
Fluo3-AM during enzymatic dissociation retain high intracellular fluorescence. DIC image (left) epifluorescence 
image (565 nm) (right). Scale bar 25 μm B – Isolated fibre cell raft loaded with Fluo3-AM during dissociation 
display different levels of intracellular signal within the raft – possibly indicating different [Ca2+]i within individual 
cells. Scale bar 50 μm. 

Fluo-3AM was chosen to perform these experiments, since it would hopefully also allow the 

determination of resting [Ca2+]i in these isolated cells. To maximise efficiency and minimise time from 

isolation to functional analysis, -AM ester loading was combined with enzymatic dissociation with 5 

μM of the AM-ester dye dissolved in the enzyme solution. Incubation for 30 minutes at 35 ºC gave 

ample time for de-esterification of dye, which was observed to label the cell cytoplasm in a 

homogenous manner (Figure 19), indicating successful cleavage of the fluorophore and cytoplasmic 

trapping of the active indicator. This was a significant improvement over the incubation times required 

to load other –AM esters under non-ionic conditions (Eckert et al., 1998a; Wang et al., 2001) - perhaps 

indicating an enhanced metabolic capacity under these more physiological incubation conditions.  

It was noted that fibre cells within a given preparation often displayed significant variability in 

their signal intensity (Figure 19B). Since the fluorescent emission signal of Fluo-3 is calcium sensitive, 

this could indicate differences in intracellular calcium levels between adjacent fibre cells. However, 

Fluo-3 is not a ratiometric dye and this variability could also be due to different intracellular 

concentrations of the fluorophore, perhaps due to differences in intracellular esterase activity between 

cells. This observation was not pursued due to limitations in our imaging equipment which precluded 
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the use of ratiometric approaches. In summary, the addition of multivalent cations preserves the 

morphology and enhances the in vitro survival of fibre cells isolated from the rat lens, while the 

cleavage and intracellular retention of –AM ester dyes indicates metabolic and membrane integrity of 

these cells.  

In addition to the weaner-age rat, I tested the ability of this dissociation protocol to produce 

viable fibre cells from the lenses of animals of different ages, and in other species. While previous 

investigations using isolated fibre cells have been restricted to either embryonic (Miller et al., 1992) or 

neonatal animals (Donaldson et al., 1995; Eckert et al., 1998a), the preparation method described here 

was equally successful in both neonatal and adult rat lenses (Figure 20A). The method also yielded 

viable isolated fibre cells from both mouse (Figure 20B) and bovine (Figure 20C) lenses. Furthermore, 

by varying the incubation time and enzyme concentration it also proved possible to optimise cell 

dispersal to yield preparations enriched in either single cells, or in isolated bundles of fibre cells joined 

by their “broad” sides, thus maintaining their anatomical relationship from in the intact lens (Figure 

20). These “trapezoidal” rafts may make attractive targets for future work due to the preservation of 

anatomically-relevant structural relationships on a microscopic scale.  

   C B A 

 
Figure 20 – Viable isolated fibre cells from the lenses of various species. Application of collagenase/Gd3+ 

dissociation protocol produced viable isolated fibre cells from the lenses of various species (here shown in 
trapezoidal “rafts”). A –Rat (rattus norvegicus). B – Mouse (mus musculus). C – Bovine (Bos taurus). All these 
dissociated lenses were taken from adult animals. Scale bars 50 μm. (Panel B courtesy of A. Sisley) 
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3.4 Electrophysiological optimisation of dissociation protocol 

Having shown that the addition of multivalent cations produces a preparation of isolated fibre 

cells which survive in the presence of physiological [Ca2+]o, I then proceeded to characterise the 

electrical properties. This approach was adopted to facilitate further optimisation of the incubation 

conditions to produce a viable population of isolated fibre cells with physiologically-relevant 

membrane properties. 

The isolated fibre cell preparation obtained by collagenase dissociation of capsule-adherent fibre 

cells in the presence of physiological [Ca2+]o but absence of other multivalent cations contained cells of 

a range of different lengths (Figure 18) which were initially of good morphological appearance. 

However, these initially “survivor” cells were unstable under whole-cell patch clamp and often 

degraded mid-recording with the visible activation of non-selective currents apparently triggered by 

repetitive changes in transmembrane voltage (Figure 21). Recorded membrane currents obtained from 

these pre-vesiculating, “activated” cells are dominated by a large linear conductance that reverses at 

depolarised potentials (Figure 21C, D, Figure 23A, bottom), which could either represent the activation 

of non-selective cation channels or connexin hemichannels. This mid-recording activation of 

unphysiological leak conductances made optimisation of the incubation solution difficult, since leak 

current activation invariably leads to the loss of the entire preparation of cells.  

Since it seemed apparent that leak current activation was potentiated by membrane 

depolarisation, voltage perturbations in isolated cells were kept to a minimum during early experiments 

designed to optimise multivalent cation concentration and combination. Cellular characterisation by 

capacitive transient analysis was carried out with small hyperpolarising steps from a -40 mV holding 

potential, and electrophysiological parameters derived - including membrane resistance (Rm), 

capacitance (Cm), and specific conductance (ρs) - were used as standards of comparison to optimise cell 

viability and membrane integrity. Cellular reversal potential (Erev) measurements were also obtained 

where possible by the judicious use of short step or ramp voltage protocols (see Appendix B). 
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Figure 21 - Activation of linear leak conductances in isolated fibre cells in the presence of physiological 
[Ca2+]o. A – C Families of currents recorded from isolated fibre cell on initial patching (A), during current 
activation mid-recording (B), and with activated linear leak conductance (C). D – I-V relationships calculated from 
currents shown in A – C, demonstrating activation of linear leak conductance with concomitant increase in whole-
cell current and depolarisation of current reversal potential. 

Using this approach, the effect on membrane properties of varying concentrations of the non-

selective cation blocker gadolinium (Gd3+) (Hamill and McBride, 1996) and Co2+, a blocker of 

connexin hemichannels in vitro (Ebihara et al., 1995), were investigated in the presence of physiological 

[Ca2+]o (2.5 mM, Table 5). Fibre cells patch-clamped in the presence of these multivalent ions, in low 

[Ca2+] (0 Ca2+), and physiological [Ca2+]o (AAH) were compared with historical published (Donaldson 

et al., 1995; Eckert et al., 1998a) and unpublished data to quantify improvement in these properties, 

with the goal of establishing an optimal preparation method for functional analysis of viable isolated 

fibres. 
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Treatment of isolated fibre cells with multivalent cations affected all membrane parameters 

investigated (Table 5). An increase in membrane resistance (Rm), decrease in specific conductivity (ρs), 

and hyperpolarisation of whole-cell current reversal potential (Erev) all indicated that the destructive 

linear leak conductance seen in degrading fibre cells had been effectively minimised. 

Table 5 – Electrophysiological parameters of isolated fibre cells plated in bath solutions of varying cationic 
composition 

Bathing Solution (AAH + indicated [Multivalent]) 
 Mean +/- SEM 

(n) 2 mM 
Ca2+ 

0 mM 
Ca2+ 4 mM Co2+ 

3 mM Gd3+ 
+  

4 mM Co2+ 
1 mM Gd3+ 3 mM Gd3+ 

Rm
 

(MΩ) 

82.73 
±19.96 

(11) 

405.71 
±123.84 

(14) 

907.14 
±203.37 

(7) 

743.10 
±132.12 

(76) 

2366.46 
±371.36 

(40) 

2357.75 
±441.61 

(72) 

ρs 
(pS/μm2) 

4.30 
±0.62 
(40) 

2.47 
±0.51 
(17) 

0.88 
±0.30 
(11) 

1.26 
±0.17 
(51) 

1.09 
±0.19 
(36) 

0.67 
±0.05 
(103) 

Erev 
(mV) 

1.70 
±2.12 
(10) 

-17.86 
±6.35 
(10) 

-17.79 
±8.52 
(11) 

-17.33 
±4.42 

(6) 

-32.55 
±5.09 
(38) 

-29.78 
±4.26 
(53) 

Length 
(μm) 

71.00 
±17.75 

(11) 

51.30 
±7.25 
(12) 

43.62 
±8.34 

(8) 

84.04 
±4.10 
(79) 

62.46 
±5.58 
(41) 

74.75 
±4.38 
(72) 

Cm 
(pF) 

18.48 
±4.62 
(11) 

18.04 
±2.09 
(17) 

17.34 
±2.64 
(11) 

27.25 
±2.62 
(78) 

14.08 
±2.13 
(39) 

26.45 
±2.88 
(72) 

 

 

Fibre cells in low [Ca2+]o (0 mM Ca2+) and AAH (2.5 mM Ca2+) treatment groups displayed low 

membrane resistance and high specific conductivity – indicting the presence of a significant membrane 

leak. In the presence of physiological [Ca2+]o, activation of this leak conductance appears to 

significantly increase membrane conductivity (Figure 21B), further reducing membrane resistance by 

~50% (Figure 22A). Thus, removal of extracellular calcium preserved cell morphology by preventing 

calcium overload as previously described (Eckert et al., 1998a), but cell membranes remain leaky under 

these conditions – a phenomenon attributed to activation of Cx46 hemichannels in fibre cells exposed 

to low calcium bathing conditions (Eckert et al., 1998b). This increase in membrane leak leads to 

depolarisation of the cell reversal potential (Figure 22C), diagnostic of increased membrane Na+ leak 

and indicating the activation of some unknown non-selective cation pathway. These observations 

provide further evidence in support of the key role of calcium in affecting membrane permeability of 

lens cells, in line with historical observations (Jacob and Duncan, 1981; Duncan and Jacob, 1984). 
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Addition of cobalt ions to the bathing media (4 mM Co2+ and GCAAH groups) slightly 

increased membrane resistance (~50%) (Figure 22A) and reduced specific conductivity (Figure 22B) of 

cells by a slightly greater amount (~ 75% from 0 Ca2+, ~60% from AAH). The addition of Co2+ also 

hyperpolarised cell reversal potential (Figure 22C), bringing potentials back into the range observed in 

lowered external calcium (~-17 mV). The action of Co2+ was very similar on all parameters when 

administered alone and in combination with gadolinium (GCAAH). Taken together, these results 

suggest that Co2+ can reduce the presence of linear leak currents in isolated fibre cells, and somewhat 

improve recorded membrane parameters of isolated fibre cells. The most encouraging effects were 

observed in cells exposed to Gd3+ alone, which resulted in large increases in membrane resistance 

(Figure 22A), lowered specific conductivity (Figure 22B), and hyperpolarisation of the membrane 

potential (Figure 22C) in a large number of cells studied (n=112).  

Treatment with [Gd3+]] proved so effective in improving cellular viability and membrane 

parameters, subsequent characterisation experiments invariably used mM [Gd3+] to obtain viable 

isolated fibre cells from which a large data set spanning cells of a variety of lengths was collected. 

From this extended data set, cells <150 μm in length were compared to previously collected electrical 

parameters from cells isolated using previous dissociation methods, since these protocols yielded 

exclusively these very short fibre cells. However, because of the small sample size (n=8-10) and 

variable rate of onset and magnitude of cation leak in some of the previously-published data, no 

detected statistical difference (*) was observed between some groups of electrophysiological 

parameters (Figure 22). Despite this, the increase in membrane resistance, concomitant decrease in 

conductivity, and hyperpolarisation of the membrane potential all imply a generalised improvement in 

fibre cell viability by the addition of multivalent cations to the incubation medium. This improvement 

appears to be the result of the successful inhibition of the non-selective leak conductances noted by 

other investigators when recording from isolated fibre cells in the presence of physiological [Ca2+]o. 

While the use of mM [Gd3+]o was clearly the most beneficial approach, there are indications that Co2+ 

is also somewhat effective in inhibiting non-selective leak conductances - although whether this 

represents selective inhibition of Cx46 hemichannels (Ebihara and Steiner, 1993), or merely 

generalised attenuation of cationic leak by substituting for Ca2+ (Rae et al., 1992) remains to be 

determined. 

The inclusion of multivalent cations to avoid excessive cation leak is a novel approach which has 

resulted in the creation of a viable isolated fibre cell preparation whose cells display 

electrophysiological and morphological characteristics which appear appropriate for ongoing 

functional study. 
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Figure 22 – Improvement in the membrane properties of isolated fibre cells in the presence of multivalent 
cations. A - Improvement in Rm with addition of Co2+ and Gd3+ to AAH bathing solution. B – Significant reduction 
in membrane specific conductivity in isolated fibre cells exposed to multivalent cations. C – Hyperpolarisation of 
cellular Erev within isolated cells exposed to multivalent cation bathing solutions. 
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3.4.1 Fibre cell-chamber adhesion in the presence of physiological [Ca2+]o 
allows chamber perfusion 

The presence of physiological [Ca2+]o in the bathing media is known to promote a closed (i.e. 

normal) state of those lens membrane conductances which are pathologically increased on lowering 

[Ca2+]o (Jacob and Duncan, 1981; Eckert et al., 1998a). In isolated cells, the use of multivalent cations 

appears to provide additional protection against conductances gated open by cell dissociation. The 

Gd3+/Ca2+ solution discussed here should thus improve the physiological relevance of measured 

membrane conductances and permeability estimates. The presence of Ca2+ also allows Ca2+-mediated 

cell adhesion, further promoted by poly-L-lysine use, which made perfusion of the recording chamber 

possible in contrast to earlier studies (Bhatnagar et al., 1995; Donaldson et al., 1995; Eckert et al., 

1998a). Bath perfusion, at a rate exceeding 1.5 mLmin-1, allowed the addition and subsequent washout 

of pharmacological agents, as well as alterations in the ionic composition of the bathing media (see 

following chapters). Chamber perfusion was further facilitated by the presence of partially-digested 

protein aggregates which often seemed to overlay cells on plating. This “protein mat” over the isolated 

cells was freely permeable to perfused compounds, and helped to mechanically stabilise elongated cells 

under perfusion.  

The presence of precipitated protein aggregates and cell debris did however made seal formation 

challenging. A careful electrode approach, occasional lateral movements to avoid debris clumps, and 

strong positive pressure were necessary on moving around the perfusion chamber. Occasionally, 

pressure-ejected fluid from the patch pipette was used to clear the cell surface of debris prior to 

electrode attachment. It is not certain whether this proteinaceous precipitate is due to the presence of 

multivalent cations and aggregation of partially-digested capsular debris, however this seems a likely 

explanation in light of the propensity of highly-charged cations to aggregate and precipitate other 

moieties in solution (as described in Caldwell et al., 1998, see Appendix 1). 

3.4.2 The effect of gadolinium on isolated fibre cells 
Having established that Gd3+ enhances the recorded membrane properties of isolated fibre cells, 

a more extensive characterisation of its effects on whole-cell current-voltage (I-V) relationships was 

conducted. An example of a typical IV relationship obtained in the absence of Gd3+ is shown in Figure 

23A. It can be seen that the fibre cell behaves ohmically under voltage-clamp – showing significant 

outward and inward current components. Addition of Gd3+ to the recording chamber removes the 

inward component and unmasks an outwardly rectifying conductance, suggesting that Gd3+ blocks a 

leak conductance which masks the underlying outwardly-rectifying conductance. To further investigate 

this, the effect of Gd3+ on membrane resistance, conductance, and cell membrane potential were 

examined (Figure 23B,C). 
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Figure 23 – The effect of Gd3+ on the membrane properties of isolated fibre cells. A – A family of currents 
recorded from an individual isolated fibre cell in the presence of 2.5 mM [Ca2+]o in the absence (top) and presence 
(bottom) of 3 mM Gd3+. Note the apparently Ohmic response of the cell in the upper panel, indicating non-selective 
ionic leak, in contrast with the outwardly rectifying current morphology revealed when cation leak is blocked with 
Gd3+. B – A family of IV relationships at increasing [Gd3+] (lower panel). Note the progressive reduction in inward 
current and hyperpolarising shift in membrane potential with increasing concentrations of Gd3+. C – The effect of 
Δ[Gd3+] on membrane resistance. Note increased resistance with concentration, the lack of plateau in response with 
increasing [Gd3+]. (n=10 total) D – Increase in membrane capacitance with progressive reduction in [Gd3+] – 
indicating swelling of cells (n=10 total) 

For a range of technical reasons, detailed in Appendix A, it was necessary to determine a 

minimum [Gd3+] consistent with cell survival and amenability to patch clamp analysis. Fitting a 

sigmoidal dose-response distribution to Rm/Δ[Gd3+] data was made successful by including a linear 

term (Figure 22C, R2=0.988 - for model and derivation, see Appendix A). Cells were very fragile in the 

presence of low [Gd3+], and attempts to establish a dose-response curve for Gd3+ suffered from 

increased point scatter as cells degraded mid-experiment. This observation exemplifies the sudden loss 

of membrane resistivity on reaching a threshold [Gd3+] permissive to cation leak. This cellular loss 

appeared to be a threshold-sensitive effect, different in magnitude between cells, but once switched 

“on” rapid swelling and vesiculation would ensue. Such events mirrored those noted by others 

working on isolated fibre cells (Miller et al., 1992; Donaldson et al., 1995; Eckert et al., 1998a), and 
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were interpreted as gating open of a non-selective cation pathway which permitted a calcium influx 

which initiated vesiculation. Since the activation of this pathway upon reduction in [Gd3+]o usually 

resulted in the loss of the entire preparation of cells in addition to the cell under study, further 

definitive characterisation of the non-selective cation channel was not attempted.  

The use of 1 mM Gd3+ maximised the quality of electrophysiological parameters recorded (↑Rm, 

↓ρs, ↓Erev) and prevented fibre cell vesiculation for a period of several hours, allowing investigation of 

native fibre cell membrane properties in the presence of physiological [Ca2+]o. At this chosen 

concentration, a 93% specific blockade of Gd3+-sensitive non-selective cation conductance was 

achieved, with only 14% of the effect of Gd3+on membrane resistance being attributable to non-

specific effects such as charge shielding (see Appendix A). From the trends identified, it appears that 

there exists a Gd3+-sensitive cation channel in isolated fibre cells, the activation of which leads to their 

rapid degradation. Blockade of this conductance results in a preparation of viable isolated fibre cells 

which is amenable to patch clamping for several hours in the presence of physiological [Ca2+]. 

3.4.3 The effect of gadolinium on whole lenses in vitro 
The presence of lenticular nonselecive cation (NSC) channels has been described and 

characterised in several studies (Jacob et al., 1985; Jacob, 1988; Rae et al., 1992), but have not as yet 

been assigned a physiological role. Because of the remarkable improvement in fibre cell viability and 

survival induced by exposure to Gd3+, it was resolved to explore the presence of Gd-sensitive 

conductances in the intact whole lens. Open NSC leak channels would be expected to depolarise 

whole-lens membrane potential (Vm), thus inhibition of constitutively-open NSC channels by Gd3+ 

should manifest as a hyperpolarisation of Vm.  

To investigate the physiological presence of a Gd3+-sensitive NSC conductance, 1 mM GdCl3 

was added to standard AAH bathing media and applied to intact isolated lenses impaled with a 

microelectrode to monitor resting voltage. The effect of Gd3+ appeared to depend on the baseline 

membrane potential (baseline Vm) of individual lenses, which was interpreted as a measure of lens 

health since global lenticular depolarisation is associated with increased membrane leak (Duncan and 

Wormstone, 2001). Some such damage was induced accidentally during dissection, other lenses were 

intentionally damaged by the use of deliberately larger, blunter micropipettes for impalement, thus 

increasing mechanical trauma at the point of insertion.  

Lenses whose membrane potential was more hyperpolarised than -45 mV were analysed as 

“healthy”, and those more depolarised than this value were classed as “damaged”. This discrimination 

was not arbitrary, but reflected an apparent “break” in the distribution of responses, with some lenses 

appearing to approach or cross this potential on exposure to Gd3+, from whichever side (±45 mV - 

dashed line, Figure 24A) they occupied at baseline (Figure 24A). Paired analysis of the membrane 
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potentials in the absence and presence of 1mM Gd3+ demonstrated a significantly different response 

between groups. In addition to generating significant voltage changes upon Gd3+ exposure (Figure 

24B), the direction and magnitude of the change in Vm also differed between healthy and unhealthy 

lenses (Figure 24C). Plotting Vm and ΔVm vs baseline Vm allowed fitting of linear trends by least-

squares regression (Figure 24D).  

The use of ionic Gd3+ in whole lenses had been mentioned (in passing) in a single study (Rae et 

al., 1992), where it was noted that Gd3+ had “toxic effects” and its use was discontinued. From the 

data gathered in this study, it appears that exposure to Gd3+ can indeed cause a slight depolarisation in 

membrane potential in hyperpolarised lenses, although the mechanism responsible remains unclear. In 

a subset of damaged lenses, however, application of ionic Gd3+
 was found to be beneficial, and 

resulted in a small recovery of lens intracellular potential. It appears then that the rat lens has little if 

any constitutively active Gd3+-sensitive cation conductance under normal conditions. In damaged 

lenses however, the positive action of Gd3+ addition indicates that perhaps the Gd3+-sensitive 

conductance responsible for calcium influx in isolated fibre cells may have some role to play in the 

damaged or cataractous lens. Such pathological activation of non-selective cation channels as an end-

point of the cataractic cascade has been suggested by a number of authors (Jacob and Duncan, 1981; 

Duncan and Jacob, 1984; Bhatnagar et al., 1995; Wang et al., 1996; Duncan and Wormstone, 2001), 

and thus the results presented in this section could be viewed as confirmation of a pathological cation 

channel mechanism in the intact rat lens as well as in isolated fibre cells.  
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Figure 24 – The effect of gadolinium on the membrane potential of isolated intact lenses. A – Paired data 
plotted to demonstrate apparent threshold of Gd3+ effect (dashed line ≈ -45 mV). Lenses sustaining damage on 
dissociation tend to depolarise, and a subset of these depolarised lenses were hyperpolarised by addition of 1mM 
Gd3+. “Healthy” lenses with a very negative membrane potential were in general depolarised by the addition of 
Gd3+. B – Membrane potentials (Mean ± SEM) of grouped lenses in 1mM Gd3+ (Vm.Gd). Healthy lenses -53.23 ± 
2.03 mV, damaged lenses -30.65 ± 3.16 mV, n=27. C – Membrane potential change (ΔVm) induced by Gd3+ 
addition (Mean ± SEM). Healthy lenses +6.17 ± 2.00 mV, damaged lenses -2.73 ± 1.89 mV, p=0.00352, n=27. D – 
Regression plot showing membrane potential alterations induced by the addition of Gd3+, fit parameters are 
indicated on plot.  
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3.5 Discussion 

This chapter has outlined the optimisation of dissociation and maintenance conditions to 

generate viable isolated fibre cells which are amenable to functional analysis. By careful 

microdissection and enzyme treatment, isolated cortical fibre cells of a range of lengths can be 

obtained. This isolated fibre cell preparation may be maintained in a viable state for a period of hours 

in the presence of physiological concentrations of extracellular Ca2+ by the inclusion of millimolar 

Gd3+ in the bathing medium. 

The rapid degradation of fibre cells on pathological change makes normal morphology a good 

indicator of cell viability. Cells can thus be visually screened prior to seal formation for 

electrophysiological examination. Alterations in light transmission through the cell cytoplasm (as 

described in Bhatnagar et al., 1997) were noted in vesiculating cells, which were particularly obvious 

with the use of DIC optics. The initially taut, rounded appearance of the cell body become 

progressively or suddenly “deflated”, with cell borders becoming less distinct and the homogeneous 

cytoplasm developing a characteristic granulated texture (Figure 18B). These observations alone often 

proved sufficient to identify cells on the point of undergoing vesiculation, which could then be 

avoided. While cells are occasionally seen to shift and change shape slightly over time and in response 

to experimental manipulation, such changes were usually easily distinguishable from those which 

preceded vesiculation. 

Isolated fibre cells which maintained their elongated morphology in vitro were shown to contain 

high-resistance, low conductance membranes and a hyperpolarised membrane potential in the 

presence of millimolar Gd3+. The isolated cells have additionally been shown to be capable of 

hydrolysing and retaining –AM ester fluorophores, further indication of their metabolic competency 

and membrane integrity These indicators are consistent with their viability under these conditions. 

Furthermore, not only did the morphology and viability of the cells improve, but the large dominant 

leak conductance seen in the absence of Gd3+ was abolished by addition of the multivalent cation 

(Figure 23). Thus by addition of 1 mM Gd3+ to the bathing solution (AAH), a preparation was 

obtained consisting of fibre cells of various lengths which were amenable to patch clamping for several 

hours. In addition, by manipulating the dissociation technique, rafts consisting of multiple fibre cells 

were generated whose configuration has the potential for exploitation as a microcosm of the lenticular 

cortical fibre cell array. Development of this methodology promises to further the field of lens 

physiology by making functional study of viable isolated fibre cells routinely possible using a variety of 

techniques. The membrane and functional properties of these viable isolated fibre cells will be 

explored in detail in the subsequent chapters. The data gathered provides the first picture of the native 

membrane properties of these cells under physiological conditions. 
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Chapter 4 

 Exploring variability in isolated fibre cell data – biological vs. 
experimental sources of scatter 

In this chapter an in-depth analysis of data recorded from isolated fibre cells in the presence of 

Gd3+ is carried out. An extensive data set (n=194) of isolated fibre cells was collected and analysed for 

electrophysiological parameters (Table 6). Despite the large sample size, variation in most parameters 

within the population (described by σ) was rather large. A population-wide analysis of this data set 

indicates that there is no set of membrane properties which adequately describes the characteristics of 

all isolated fibre cells examined in vitro. The large scatter present within the population-wide statistics 

initially confounded analysis, with many of the examined parameters varying over several orders of 

magnitude.  
 

Table 6 – Membrane properties of entire isolated fibre cell population in physiological [Ca2+]o 

Parameter Mean σ SEM Median Min Max Range n 

Length (μm) 139.72 110.53 8.02 112 20 605 585 190 

Cm (pF) 44.27 45.36 3.36 31.0 4.9 314.87 309.94 182 

Ra (MΩ) 17.21 10.33 0.76 15.55 1.60 58.70 57.10 186 

Rm (MΩ) 2485.60 17201.52 1261.28 388.04 14.94 22874.30 22872.36 186 

ρs (pS/μm2) 2.70 4.69 0.34 0.80 0.001 36.08 36.08 187 

Erev (mV) -23.42 26.56 3.05 -12.50 -94.00 +7.00 101.00 76 

 

The presence of a multiplicity of conductance profiles, and orders of magnitude variation in key 

membrane parameters suggests that significant sources of biological variability could exist within the 

data set. Differentiating fibre cells in the lens outer cortex are in the process of differentiating, 

undergoing dramatic reconfiguration of cell morphology, elongating, migrating, and increasing 

intracellular volume. The observed variability in membrane properties could therefore be due to 

differentiation-dependent alterations in membrane transport. Alternatively, several potential sources of 

error could be responsible for exacerbating scatter, and the relative contribution of these biological 

and artifactual sources of scatter will be explored in the following sections.  
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4.1 Evaluating the physiological status of isolated fibre cells 

Before going on to characterise the membrane properties of isolated fibre cells, it is important to 

gauge their physiological status. The large variability in measured membrane parameters includes a 

contribution from cells which have become damaged and have thus been made excessively leaky or 

“activated” by dissociation. This “activation” of fibre cells has been noted in several previous studies 

(Miller et al., 1992; Donaldson et al., 1995; Srivastava et al., 1999), with cells expressing large linear leak 

conductances prior to undergoing degradative changes. It was clearly necessary to establish criteria for 

the identification of these “activated” cells within the electrophysiological data set, and thus by 

partitioning the “activated” from “physiological” cells gain a clearer view of the true biological 

variability of isolated fibre cells. Length-related trends in fibre cell membrane properties will then be 

explored by analysis of measured properties with respect to measured cell length. 

4.1.1 Membrane resistance (Rm) vs. conductivity (ρs) 
When plotted against measured cell length, maximal Rm (Figure 25A) and ρs (Figure 25B) of 

elongating fibre cells are both seen to fall dramatically with increasing cell length. A subpopulation of 

cells of all lengths are also present which have rather low Rm as well as ρs values, with other cells lying 

between these extremes. Since the two parameters are inversely related by their derivation (see 

Appendix B), plotting ρs and Rm vs cell length of isolated fibre cells reveals that cells with high 

membrane resistance tend to have very low conductance membranes, while high-conductance cells 

invariably have low membrane resistance (Figure 25).  
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Figure 25 - Trends in electrophysiological parameters with cell length. A – Membrane resistance (Rm) tends to 
decrease with cell length, with a subpopulation of very low resistance cells occurring across all length ranges. 
Arrows highlight the positions of three example cells within panels B – Membrane specific conductivity (ρs) tends 
also to fall with increasing length, a population of very low-conductance cells is evident across all length ranges. 
Red Arrow – short, high-Rm cell possesses very low-conductance membrane. Green arrow – short, low-Rm cell has a 
much higher conductance membrane. Blue arrow – long, low-Rm cell also possesses rather low-conductance 
membrane. 
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Taken together, these observations suggest that low Rm is not in itself predictive of poor cell 

quality, since it can be seen in Figure 25A that long fibre cells tend to display relatively low membrane 

resistances, despite also possessing the low specific conductivity expected in elongated fibre cells from 

intact-lens impedance measurements (Figure 25B). Low Rm values may be measured from cells which 

in fact possess a very “tight” cell membrane, which just happens to be very large and hence of 

relatively low resistance overall. For this reason, the use of semi-arbitrary “cut-off” values for 

membrane resistance often implemented when evaluating electrophysiological integrity of cultured 

cells would seem to be of little value in distinguishing physiological isolated fibre cells from those 

artifactually “activated” by dissociation from the lens. Instead, a normalisation method which takes 

membrane area into account must be used in quantitative comparisons between cells, especially 

between those of different length. 

4.1.2 Activated cells are electrophysiologically similar, regardless of length 
Comparison of the whole-cell currents recorded from fibre cells of high-conductance cells with 

low-conductance cells of similar length highlighted the presence of a large-value, linear conductance in 

these “activated” cells, which superficially resembled the “leaky” membrane properties encountered 

during optimisation of the isolated fibre cell preparation (Figure 21). Comparison of the current profile 

of a “tight”, low-conductance cell (Figure 26A) with an “activated”, high-conductance cell of similar 

length (Figure 26B) reveals that fibre cell activation is associated with a large increase in current 

magnitude (Figure 26D), profound depolarisation of Erev (Figure 26E), and linearisation of the I-V 

relationship (Figure 26F), all of which are characteristic of the activation of transmembrane 

permeability pathways that are large in magnitude as well as being rather non-selective to cations. 

Longer fibre cells can display similar apparent activation of non-selective cation pathways 

(Figure 27), although experimentally-induced hyperactivation of these conductances in very elongated 

cells rapidly brought about their vesiculation. Thus it was rare to obtain recordings from very 

elongated cells which manifested very large activation of this type of non-selective leak current. 

Examination of the whole-cell current in an activated, elongated cell (Figure 27B, ρs = 3.21 pS/μm2) 

revealed a linearised current-voltage response (Figure 27C) and depolarised whole-cell current reversal 

potential (Figure 27E) with respect to lower-conductance cells of a similar length (Figure 27A) – again 

key indicators of an increase in non-selective membrane permeability.  

Since the membrane resistance of “activated” short fibre cells was comparable to that of “tight”, 

more elongated cells (Figure 25), it was clearly necessary to split the population of isolated fibre cell 

data on the basis of increased membrane conductance. 
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Figure 26 - Short fibre cell activation involves large increases in linear leak current. A – Tight, low-
conductance short fibre cell: Length 68 μm, Erev -88 mV ρs 0.47 pS/μm2. Outwardly rectifying, strongly 
hyperpolarised current morphology indicates K+-dominated membrane permeability. B – Leaky, high-conductance 
fibre cell of comparable length (60 μm); Erev -1 mV, ρs 3.21 pS/μm2. Note the ~10-fold greater absolute current 
(scale bars) and loss of outwardly-rectifying morphology. C – E – Isolated fibre cell data showing the difference in 
localisation of the fibre cells in A and B within parameter-length plots of fibre cell membrane properties (C – Rm,     
D - ρs, E – Erev). The cell in A displays much tighter membrane (↑Rm, ↓ρs) and hyperpolarised Erev compared to the 
cell in B, despite the two cells being almost identical in length. F – Current-voltage relationships of cells in A and B, 
highlighting the larger overall current, depolarised Erev, and linearised IV relationship associated with short fibre cell 
activation. 
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Figure 27 - Differences in baseline conductance translate to large differences in whole-cell current 
morphology in long fibre cells. A – A long fibre cell (length 357 μm, Erev -53 mV, ρs 0.096 pS/μm2) displays an 
outwardly-rectifying whole-cell current. B – Another long fibre cell of similar length (383 μm) with a higher 
baseline ρs displays a depolarised Erev (0.4 mV), much larger overall current (scale bars), and linearised IV 
relationship. C – E – Isolated fibre cell data showing the difference in localisation of the fibre cells in A and B 
within parameter-length plots of fibre cell membrane properties (C – Rm, D - ρs, E – Erev). The long fibre cell in A 
displays much tighter membrane (↑Rm, ↓ρs) and hyperpolarised Erev compared to the cell in B, despite the two cells 
being very similar in length. F – Current-voltage relationships of cells in A and B, highlighting the large increase in 
overall current, depolarisation of Erev, and linearisation of IV relationship associated with the activation of long fibre 
cells in vitro. 
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4.2 A discriminating criterion for the identification of “activated” cells 

In order to establish criteria for the identification of artifactually “activated” fibre cells it was 

necessary to bear in mind that several of the membrane parameters being assessed were predicted to 

undergo physiological changes as the cells elongate (Mathias et al., 1997). Normalisation against cell 

capacitance is commonly used to compare current densities between cells of differing sizes, since cell 

membrane possesses capacitance proportional to membrane area (see Appendix B). The area-

conductance of isolated fibre cells was calculated (see Appendix B), and current densities thus 

obtained were related to membrane resistance (Figure 28A). The reciprocal relationship between the 

two parameters is highlighted by the form of this plot, where it can be seen that while very high 

resistance cell membranes invariably had a low conductance, low-resistance cells possessed a wide 

range of conductivities, varying over more than two orders of magnitude.  

The physiological conductance of internalised rat lens fibre membranes has been estimated by 

impedance analysis of intact rat lenses (Baldo and Mathias, 1992), and this conductivity estimate of 

2.02 μS/cm2 (≈ 2.02 pS/μm2) for fibre cell membranes was chosen to represent the limit for 

“physiological” conductivity of isolated fibre cells. This published estimate will hereafter be referred to 

as the “Mathias” criterion, and represents a “hard” number against which the conductivity, and thus 

activation state, of isolated fibre cells could be compared (Figure 28C, D). Plotting Rm and ρs data 

logarithmically for clarity allows the effect of subdivision on the basis of conductivity to be visualised 

(Figure 28B). It can be seen that >Mathias and <Mathias cells overlap significantly on the Rm axis, 

underscoring why membrane resistance alone is a poor marker of fibre cell status. In contrast, use of 

the intact-lens ρs estimate for fibre cells cleanly splits the fibre cell population independent of length, 

thus allowing the grouping of like cells for functional analysis (Figure 28B). 
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Figure 28 – Derivation of a criterion which splits physiological from artifactually-activated fibre cells. A – 
The relationship between membrane conductance (ρs) and membrane resistance (Rm) in isolated fibre cells, 
highlighting the inverse relationship linking these two parameters. High-Rm cells invariably possess “tight” (low-ρs) 
cell membranes, while low-Rm cells can display a wide range of ρs values. Dashed line - 2.02 pS/μm2, the “Mathias 
Criterion” (see text). B – Data from Panel A, re-plotted on a logarithmic scale to expand low values. Points colour-
coded by cell length (“short” fibre cells <150 μm, “medium” fibre cells 150>x>300 μm, “long” fibre cells >300 
μm). Splitting data into groups on the basis of the Mathias estimate shown in Panel C separates the population into 
groups of physiologically-conductive, <Mathias cells (blue box) and artifactually-activated, >Mathias cells (red 
box). C – Membrane specific conductivity (ρs) vs. cell length, coloured according to the estimated area conductance 
from intact-lens impedance studies (Baldo and Mathias, 1992). (●) <Mathias cells (●) >Mathias cells. Note the clean 
separation of clusters of lower-ρs cells from higher-ρs cells afforded by the “Mathias criterion” (dashed line).           
D – Membrane resistance (Rm), split according to the Mathias criterion as in A. Note the presence of <Mathias cells 
among >Mathias cells, as well as vice versa, when plotted according to Rm.  

Subdividing isolated fibre cells into groups on the basis of area-conductance allowed the rational 

selection of cells as “physiological” or “activated” on the basis of a single, quantifiable parameter 

which took membrane area into account, thus ensuring fair comparisons between cells whose degree 

of elongation varied by as much as 30-fold within the data set. These separate groups will be discussed 

hereafter in this chapter as representing cells of a physiological conductance range (<Mathias: ρs<2.02 

pA/μm2) or as “activated” cells, with excessively leaky membrane properties (>Mathias: ρs >2.02 

pA/μm2). As shall become apparent in the remainder of this chapter, ><Mathias cell groups had quite 
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different membrane properties at baseline, and behaved quite differently under experimentally-altered 

conditions. The <Mathias group can be looked at as representing cells with properties as close as 

possible to those measured in healthy intact lenses, while the >Mathias group could be though of as 

displaying the leaky membrane characteristics of pre-cataractic cells. These high-conductance cells 

have ρs values which can be many times higher than predicted from intact-lens impedance 

measurements of fibre cell conductivity (Baldo and Mathias, 1992). 

Colour-coding cells by length within these groups reveals an apparent paucity of longer cells 

among >Mathias cells (Figure 28B). Re-examination of the ρs-length relationship (Figure 28B) shows 

an apparent concentration of the >Mathias cells towards the short end of the length range, which 

perhaps indicates an enhanced vulnerability of shorter cells to such “activation”. An alternative, 

perhaps more likely explanation for this observation results from the rapid onset of degradative change 

in the morphology of elongated cells observed upon the activation of leak conductances (see Figure 

14D,E). It has already been noted that the gross morphology of fibre cells was evaluated prior to 

targeting cells for functional analysis, and thus it is likely that the lower representation of very long 

“activated” fibre cells within the electrophysiological data set reflects their active avoidance on the 

basis of pre-degradative morphological changes and recognition of their compromised status. 

In the preceding section, I have described a strategy for identifying “activated”, potentially 

damaged cells within a large set of isolated fibre cell data. These “activated” cells substantially increase 

scatter within measured membrane parameters, and thus obscure physiological changes in these 

membrane properties with differentiation. The identified inequality in cell lengths contained within the 

><Mathias conductance groups made it necessary to incorporate an additional length classification 

into the statistical analysis, since the membrane properties of isolated fibre cells are expected to alter 

with length as well as with cell activation state. The incorporation of a length classification into a 2-way 

analysis of variance (see Appendix C) allowed the effect of cell activation to be investigated separately 

from that of cell length, giving additional statistical power and making for a more statistically robust 

analysis (see later sections). Analysing the separate contribution of cell activation and cell length to 

alterations in measured membrane parameters will thus allow the physiological properties of isolated 

fibre cells to be characterised according to their length, and therefore stage of differentiation. This 

analysis of differentiation-dependant alterations in the physiological membrane properties of 

differentiating fibre cells is covered in the next chapter. 
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Before going on to definitively characterise the physiological properties of differentiating fibre 

cells, it was first necessary to exclude experimental sources of error as sources of the remaining scatter 

in measured membrane properties. While such trends which remain within the physiological, <Mathias 

data set could be due to differentiation-dependent and hence physiologically-relevant alterations in 

fibre cell membrane properties, they could also could be due to artefact. Some consistent experimental 

error which is somehow also proportional to length could operate covertly to skew recorded data and 

thus create apparently similar trends in measured membrane parameters, the trends in some of which 

look suspiciously similar on initial examination (as in Figure 29). Examination and quantification of 

such errors, which arise from limitations inherent to the patch-clamp technique, will occupy the 

remainder of this chapter. 
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Figure 29 – Similar length-related changes in membrane properties requires further 
investigation. Overplot of Rm-length and ρs-length data for the entire isolated fibre cell data set, 
showing the apparently comparable decrement in these two inversely-related parameters with 
fibre cell length. Such trends may represent physiological alterations in fibre cell membranes 
with elongation, but could also reflect length-related experimental artefact. 
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4.3  Quantifying sources of error in isolated fibre cell electrophysiology 

“There is often an enormous trade-off between technical ease of 
measurement and physiological significance” (Jackson, 1997) 

There are a variety of technical limitations to the whole cell patch clamp technique which can 

compromise or artifactually alter experimental data, and which must be borne in mind when designing 

and analysing electrophysiological experiments. Such artifactual sources of error must now be 

considered and excluded before attempting to definitively characterise the physiological membrane 

properties of differentiating fibre cells. The elongated morphology of fibre cells and the high clamping 

currents necessary to offset their often quite high overall membrane conductance have the potential to 

exacerbate these possible errors. Thus, the following sections will discuss these possible sources of 

experimental error as well as the steps taken to minimise or quantify and correct such errors when 

recording from isolated fibre cells. Since some of these sources of error are exacerbated by high 

clamping currents, fibre cell data for “activated” (>Mathias) and “physiological” (<Mathias) 

conductance groups were subdivided before being examined for these errors. The effects of artifactual 

errors on the recorded membrane properties of each group will hence be discussed separately. 

4.3.1 Distortion of capacitive relaxation by distributed membrane capacitance 
Efficient and accurate voltage clamp of cells requires the passage of sufficient current to charge 

the membrane capacitance (Cm) and thus alter cell transmembrane potential to a desired value (Vcmd). 

When the source of current resembles a point source within the cell, as in the case of the whole cell 

recording configuration, the passage of current to charge membrane voltage must pass through the 

patch pipette and spread via the cell cytoplasm to reach all areas of the membrane (Jackson, 1992). If 

the cell is approximately spherical, all regions of the membrane capacitance are charged with a similar 

timecourse, and hence the voltage clamp of the cell is rapid and stable at the desired voltage (Hille, 

2001). In the case of cells with elongated morphology or attached cylindrical processes, the delay in 

intracellular current propagation along the cell axis or process causes the membrane capacitance to be 

charged in a distributed fashion, with the time required to reach steady state increasing with distance 

from the current source (electrode tip) (Jackson, 1992). This delayed charging of membrane 

capacitance with distance elongates the capacitive relaxation observed after application of a voltage 

transition, and can lead to errors in membrane capacitance estimation by introducing spurious 

additional components into the exponential decay. The elongation of capacitive relaxation also makes 

it impossible to detect or resolve rapid events, such as the gating of rapidly voltage gated channels, 

since they become obscured within the capacitive relaxation.  
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Figure 30 – Capacitive transient relaxation of fibre cells of different lengths compared. A – Short fibre cell 
(~50 μm) capacitive decay, showing adequate fit by single component exponential. B – Long fibre cell (~350 μm) 
relaxation in response to the same stimulus. Note the approximately 4-fold increase in time to steady state, and ~10-
fold increase in magnitude (scale bars). C – Normalised capacitive responses to the same depolarising stimulus, 
recorded from the same short and long fibre cells. D – Linear regression fit and covariance analysis of Cm vs length 
for ><Mathias groups. 

 

The application of a voltage step to long isolated fibre cells results in a capacitive relaxation 

which proceeds with a very elongated timecourse when compared to that of shorter cells (Figure 30A, 

B), resulting from the elongated morphology of the cells as well as the very large membrane area. Two-

way ANOVA analysis revealed a statistically different (p<10-5) relationship between Cm estimates for 

the >Mathias group vs <Mathias (Figure 30D). This consistent underestimation of membrane 

capacitance in activated cells is likely due to a combination of a high, spatially-distributed Cm. Thus, in 

artifactually activated cells, errors in relaxation-derived Cm estimates would contribute to scatter in 

other membrane parameters derived from Cm, such as specific conductivity.  



- 84 - 

4.3.2 Cell length, capacitance, and membrane area 
Increased cell length during elongation requires increased membrane area (Bassnett and 

Winzenburger, 2003), which can be directly estimated from membrane capacitance (see Appendix B). 

Cell capacitance (Cm) was therefore hypothesised to increase with cell length, and the data from 

physiologically-conductive fibre cells (n=126) are shown plotted in Figure 31A. 
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Figure 31 - Length – Cm relationships in isolated fibre cells. A – Raw Cm data vs cell length in vitro, highlighting 
the large biological scatter around the expected positive relationship, showing ± 95% confidence interval (dashed 
lines).B – Cm data split by 1st cells for each experimental day, and later cells recorded from the same preparations 
(>1st), showing independent linear regressions for each group. C – Model for fibre cell length/Cm alterations during 
experimental manipulations. D – Linear least-squares regression fit of 1st cells for each experimental day, showing ± 
95% confidence interval (dashed lines). 
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A large amount of scatter overlies the expected trend for an increase in capacitance with length 

(Figure 31A, least-squares linear regression: y=0.303x, R2=0.471). This data set contains the entire 

population of baseline membrane capacitance measured in isolated fibre cells, determined immediately 

following establishment of the whole-cell recording configuration. This plot thus includes cells which 

had been previously exposed to experimental manipulations applied to other cells in the same 

preparation. Splitting the data set into the first cell recorded from each bath (“1st”, Figure 31B) and 

comparison with later cells (“>”, Figure 31B) reveals an increased scatter in recorded membrane 

capacitance for such cells previously exposed to ionic or volume manipulations. However covariance 

analysis of independent origin-constrained linear regressions revealed no hint of separation of 

gradients (P(covar)<0.999, Figure 31B), indicating that although scatter has increased about the 

identified relation, the relationship itself has not altered to a significant extent. Despite the resulting 

increased scatter in the Cm-length relationship in the population as a whole, the gradient yielded by 

regression analysis of “first-cell” data (Figure 31D, y=0.298x, R2=0.657), corresponds to a cell 

perimeter of 29.8 μm. This is very close to the measured perimeter of peripheral cortical fibre cells in 

fixed equatorial lens sections (~25 um, Jacobs et al., 2003), indicating that the in vitro dimensions of 

isolated fibre cells remain a good index of their anatomical origin from within the intact lens. 

Extrapolation of measured fibre cell Cm values according to the linear relationship described for “first” 

cells thus provides the best estimate of original cell length, even in cells whose lengths have been 

altered by isolation or experimental manipulation. 

It can be seen that “later” (>1, Figure 31B) cells are displaced to either side of the Cm-length 

relationship, which suggests that error in Cm estimates are exacerbated by prior experimental 

manipulation. It is also apparent that error is larger in longer cells, which may be the result of the 

distributed membrane area – and therefore capacitance – contained within elongated fibre cells (see 

Figure 30). Some retraction of fibre cell tips towards the cell centre (Figure 31C) was occasionally 

observed during experimental manipulation of cell volume or ionic driving forces (see following 

chapters), although this retraction was usually rather minimal and did not usually presage vesiculation. 

Membrane area is not expected to alter with such changes in cell dimensions, and thus Cm is expected 

to remain relatively constant (Figure 31D).  
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4.3.3 Series resistance error 
When the intracellular voltage is manipulated in a cell under whole-cell voltage clamp, the 

current to charge Cm and thus achieve voltage alteration is obliged to flow into the cell via the patch 

electrode. Passage through this “access” (Ra) or “series” resistance (Rs) contributed by the electrode tip 

and cytoplasmic interface creates a voltage drop across Ra, which reduces the potential applied across 

the cell membrane (Rm) by forming a voltage divider (see Appendix B). Thus, deviation of 

transmembrane voltage from applied potential is exacerbated by both high current delivery and high 

Ra (thus altering Ra:Rm ratio, see Figure 87).  

Isolated fibre cells can conduct significant transmembrane current (≥1 nA) under certain 

conditions at very depolarised or hyperpolarised potentials(Iss ±100mV, Table 6), and this current delivery 

can change by an order of magnitude within the same cell if membrane conductances are potentiated 

by certain experimental manipulations (see later chapters). In isolated fibre cell recordings, access 

resistances were generally low (17.21 ±0.76 MΩ, Mean ± SEM), with a low-skewed distribution (see 

Appendix B, Figure 87). Ra < 20MΩ is considered optimal for whole-cell recording in most 

preparations (Jackson, 1997). Ra was dynamically monitored along with other membrane parameters 

during experimentation by automated capacitive transient analysis implemented within Clampex 

v7.0/8.1, verified by offline analysis of representative unbiased recorded transients.  

Excessive initial access resistances or occasional increases during experimentation were often 

successfully minimised by pulses of suction or judicious use of the “zap” function of the patch clamp 

amplifier. Occasionally, Ra values could not be satisfactorily reduced, and recording was abandoned. 

Series resistance error in isolated fibre cell recordings was quantified on a cell by cell basis, and 

corrected for analysis of voltage dependent whole-cell responses (as in Figure 34). In longer, leakier 

cells where a single exponential may not be a good approximation of the capacitive relaxation** (see 

4.3.1 above), the fitted function may underestimate IA and thus overestimate Ra (see Appendix B). It 

was thus often impossible to reduce calculated access resistances to acceptable values in very elongated 

cells, likely due to an overestimation of Ra. 

The activation of membrane leak conductances noted in >Mathias cells, and occasionally mid-

recording during experimentation, reduces membrane resistances to low levels which can approach an 

order of magnitude of Ra. Because series resistance error manifests due to decreased Rm:Ra ratio, 

voltage errors in these activated cells may also be much larger than in physiologically-conductive cells 

(as in Figure 34), which further limits their physiological significance. Recordings from “tighter”, 

physiological, <Mathias cells however would seem to suffer far less from these voltage errors, due to 

the lower charging currents and better voltage clamping thus afforded. 
                                                 

** The automated software analysis routine in Clampex v7.0/8.1 is restricted to single-exponential online fitting 
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4.3.4 Space clamp error 
As well as affecting access resistance at the pipette tip, the passage of charging current through 

resistive media in the cytoplasm also causes decrement of the applied voltage with distance (Figure 

32A, C). The lower the resistance of cell membrane and the higher the cytoplasmic resistance, the 

more applied voltages are attenuated when propagating along the cell axis in an exponential process 

described by the electrotonic length constant (λ) (for calculations, see Appendix B). Cells with high 

membrane conductance will rapidly attenuate clamping voltage, and distal processes may be affected 

minimally, or not at all, by the application of a voltage step to another part of the cell (Jackson, 1997; 

Hille, 2001). The greatly elongated morphology of isolated fibre cells raises concerns about the effect 

of space clamp on recorded membrane conductances, which must now be addressed. Since space 

clamp error is proportional to the distance from the current injection point to distal portions of the 

cell membrane (Figure 32C), attempts were made to form seals as close to the cell mid-point as 

practicable (Figure 32A). Thus, bi-directional current spread immediately halved the linear distance 

required to voltage clamp cell extremities.  

Plotting electrotonic length constant (λ) vs length reveals significant scatter, reflecting the 

variable conductance levels among fibre cells of all lengths (Figure 32B), with very activated cells 

plotting lower due to their more rapid dissipation of applied voltage by enhanced membrane leak. 

Creation of the electrotonic decay factor (ξ) (see Appendix B), allows direct comparison of the 

predicted voltage error between cells over a wide range of lengths, and reveals a positive relationship 

for physiologically-conductive as well as “activated” (>Mathias) cells (Figure 32D). Linear regression 

and analysis of covariance reveals that while each group is independently fit by a linear function, the 

gradients are statistically undifferentiated (p(covar’)=0.261, n=187). This lack of statistical difference 

between these two fits despite the visible segregation in the raw data plot (Figure 32D) reflects the 

scatter in ξ caused by the wide range of membrane conductances contained within isolated fibre cells. 
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Figure 32 - Space clamp and the electrophysiology of isolated lens fibre cells. A – Schematic of an isolated fibre 
cell under whole-cell patch clamp, showing electrotonic spread of an applied Vcmd signal along its axis. Note 
bidirectional spread induced by patching centrally. B – Electrotonic decay (λ) vs length for ><Mathias groups – 
demonstrating a clearly reduced electrotonic distance due to the enhanced leak of activated, >Mathias cells. C - 
Attenuation (scalar) of applied voltage with distance (in λ) from point clamp (electrode tip). D – Decay factor (ξ) vs 
cell length, split by ><Mathias. Electrotonic decay is clearly related to increasing length, and is shown to be higher 
in “activated”, leaky cells. 

Elongated cells, as well as activated cells, display greater electrotonic decay along their length, 

indicating a greater potential for space clamp error; but even the longest, most activated cells only 

approach 0.5 λ at their tips (Figure 32D). Transmembrane voltage at cell extremities will thus approach 

a 0.5 e-fold decrease from the command potential (Figure 32C). The increased electrotonic decay 

factor, combined with the elongated capacitance relaxation seen in these very long, very activated cells, 

compounds interpretation of voltage-sensitive channel activity, especially in their distal membrane 

domains. The “healthy”, sub-Mathias criterion group are all <0.2 λ at their tips, and hence will deviate 

only slightly if at all from the command potential over the majority of their membrane area. Thus, 

quantitative examination of space clamp error in isolated fibre cells excludes electrotonic decay as the 

source of the length-related trends in membrane parameters observed. 
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4.4 Discussion 

In the previous sections I have identified, evaluated, and characterised several potential sources 

of artefact and excess scatter in whole-cell electrical recordings from elongated isolated fibre cells. 

These sources of error are often exacerbated by high clamping currents, large cell membrane area, 

and/or increased axial dimensions of the cell under study, and I have attempted to address the 

contribution of each as they apply to the study of elongating isolated fibre cells. 

It has been noted that whole-cell electrical recordings from “activated”, >Mathias cells, suffer 

more severely from these potential sources of error, as well as displaying increased Ohmic leak and a 

depolarised reversal potential. Even with the use of heavy leak subtraction, as in previous studies 

(Eckert et al., 1998a; Eckert et al., 1998b; Srivastava et al., 1999), the voltage-dependence and apparent 

ionic selectivity of underlying conductances can be expected to be unrecoverably skewed by artefacts 

which distort both applied voltage and the resulting current flow. Thus, while activated cells could be 

explored as a model for terminal cataractogenic pathways, they are of limited utility in quantifying the 

physiological membrane properties of differentiating fibre cells. 

In the remaining, physiologically-representative population of <Mathias fibre cells, the effect of 

capacitive charging time, series resistance, and space clamp error have been investigated on recorded 

whole-cell properties. The distortion of fibre cell membrane properties by experimental artifact has 

been shown to be minimal in such cells. Thus the recorded membrane properties of <Mathias isolated 

fibre cells in the presence of both 1 mM Gd3+ and physiological [Ca2+]o (2.5 mM) can be expected to 

provide the best information obtained thus far about the membrane properties of differentiating fibre 

cells in the rat lens.  
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Chapter 5  

Membrane properties of “activated” fibre cells 
In the previous chapter, an approach was outlined to identify excessively “activated” fibre cells. 

Before going on to characterise the physiological, <Mathias data set, I will first briefly describe the 

characteristics of these >Mathias, activated cells. The membrane properties of such cells, recorded in 

the presence of Gd3+, closely resemble those of leaky fibre cells isolated in the absence of multivalent 

cations, displaying high-conductance, low resistance membranes and a depolarised whole-cell current 

reversal potential. Such alterations in membrane properties are characteristic of the activation of non-

selective cation channels (NSC) (Rae et al., 1988). In other cell types, NSC channels are 

characteristically gated open by conditions of low [Ca2+]o or membrane stress(Hamill and McBride, 

1995), and thus may be potentiated by the ionic and mechanical disturbances associated with cell 

isolation and dispersion. In epithelial cells, NSC channels were often observed to be constitutively 

active on patching, and appeared to represent a dominant conductance type within a subpopulation of 

individual cells (Rae et al., 1992). While NSC conductances in lens epithelia have been studied even at 

the single channel level, there currently exist no data on fibre cell NSC channels, aside from that 

reported in frustration by other investigators attempting to record from isolated fibre cells.  

In this study a Gd3+ sensitive NSC conductance has been identified and blocked in isolated fibre 

cells. Blockade of NSC channels enables these cells to be maintained in a viable state for many hours, 

allowing them to be subjected to their first intensive functional analysis. However, there remain a 

subpopulation of isolated fibre cells which displayed leaky, high-conductance, low-resistance 

membranes and depolarised reversal potentials even in the presence of Gd3+. These cells, if allowed to 

stagnate in this condition, underwent disintegrative degradation in short order, occasionally even on 

the end of the patch electrode (as in Figure 33).  

 A B C 

 
Figure 33 –Long fibre cell vesiculating on patch pipette after prolonged leak current activation in the 
presence of Gd3+. A – Cell under whole-cell patch clamp for 40 minutes, immediately before linear current 
activation. B – Fibre cell undergoing degradation on patch pipette tip (t+20 min from A) – note that the membrane 
seal has already been lost by this stage of degradation. C – The end-point of the fibre cell vesiculating in B (t+40 
min from A).Cell length is 386 μm, scale bar 50 μm. 
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5.1 Membrane properties of physiological vs activated fibre cells in Ca2+- 
and Gd3+-containing conditions 

Since there was a lack of very elongated cells within the >Mathias data set, and whole-cell 

current magnitude, if not overall characteristics, were roughly equivalent between long, <Mathias fibre 

cells and shorter, >Mathias fibre cells, it was clearly necessary to take cell length into account when 

characterising the effect of NSC activation on fibre cell membrane properties. To this end, fibre cell 

data was split first by fibre cell “activation state” (><Mathias, see 4.1.2) before being subdivided into 3 

length groups (see Figure 37), thus forming 6 classes of cell altogether. A two-way analysis of variance 

approach (2-way ANOVA, see Appendix C) was then used to orthogonally evaluate the effect of 

length and activation state on fibre cell membrane properties. This approach allowed the effect of cell 

“activation” to be delineated separately from any length-dependant alterations in membrane 

properties, and utilised the maximum available statistical power by incorporating all isolated fibre cell 

data in the calculation (see Appendix C). The effect of cell “activation” on the membrane properties of 

isolated fibre cells, independent of length††, is summarised in Table 7, while a full matrix of group 

comparisons appears in Appendix C. The separate effect of cell length on membrane properties is 

discussed in subsequent sections (see Chapter 6). 

Table 7 - Membrane properties of isolated fibre cells, split by ><Mathias criterion 

Parameter <Mathias >Mathias p (Means Equal) 

Rm (MΩ) 
3597.70 ± 1855.99 

126 
175.77 ± 32.07 

63 
N.S. 
0.628 

ρs (pS/μm2) 
0.59 ± 0.04 

126 
7.05 ± 0.80 

61 
*** 

<10-5 

Erev (mV) 
-26.61 ± 2.53 

95 
-14.12 ± 2.52 

49 
* 

0.060 

Iss.Env (pA) 
1057.42 ± 122.42 

122 
2720.19 ± 288.53 

63 
*** 

0.0003 

Iss -100mV (pA) 
-289.40 ± 34.95 

122 
-797.59 ± 105.49 

72 
*** 

0.001 

Iss +100mV (pA) 
763.42 ± 95.54 

122 
1872.34 ± 197.88 

63 
*** 

0.001 

% +ve IV 
0.71 ± 0.01 

122 
0.67 ± 0.02 

63 
N.S. 
0.764 

Rectification Ratio (ζ) 
5.98 ± 1.46 

122 
3.50 ± 0.51 

63 
N.S. 
0.610 

λ (μm) 
2767.26 ± 330.31 

126 
719.51 ± 43.94 

63 
* 

0.011 

length / λ (ξ) 
0.07 ± 0.01 

126 
0.18 ± 0.01 

63 
*** 

<10-5 
* Significant at the p<0.05 level, ** Significant at the p<0.01 level, *** Significant at the p<0.001 level, N.S. Not significant 

                                                 
†† By using two-factor ANOVA analysis, the separate contributions of length (SFC/MFC/LFC) and activation 

state (<Mathias/>Mathias) were simultaneously but orthogonally evaluated. Thus, “significance” as indicated in the 
above table denotes peffect<α at the indicated level, while the quoted p value in the right-most column applies to the 
“activation” effect within the two-factor analysis. 
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5.1.1 Activated fibre cells display large increases in non-selective linear leak 
conductance 

Direct comparison of fibre cell groups split on the basis of the “Mathias criterion” for 

physiological conductance highlights the drastic changes in membrane properties associated with fibre 

cell activation (Table 7). >Mathias fibre cells exhibit on average a rather depolarised whole-cell current 

reversal potential, which indicates a loss of membrane selectivity concomitant with their activation, 

while whole-cell currents recorded in these cells become more Ohmic in their behaviour (see Figure 

26, Figure 27). The larger conductivity of >Mathias cells translates into much larger overall currents, 

with almost 3-fold increase in steady-state current envelope (Iss.Env). Total current increases at both 

+100 mV (~2-fold) and -100 mV (~3-fold), with the larger increase in inward current altering overall 

current magnitude and morphology (Figure 34).  
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Figure 34 - Average current-voltage relationships (mean ± SEM) of isolated fibre cells in the presence of 1 
mM [Gd3+], grouped by cell length (● <150 μm, ● 150>x>300 μm, ● >300 μm). A – Average I-V relationships of 
<Mathias isolated fibre cells compared. B – Average I-V relationships of >Mathias isolated fibre cells compared. 
Note the increased linear leak and depolarisation of Erev in all groups. C – Normalised I-V relationships (pA/pF) for 
<Mathias fibre cell length groups, revealing the much larger current density present in shorter fibre cells in both the 
depolarised and hyperpolarised directions. D – Normalised I-V relationships (pA/pF) for >Mathias length groups, 
revealing a generalised increase in current density (~10-fold), greatly exacerbated Rs error (x-axis error bars), and 
the loss of differentiating features between cells of different lengths. 
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Whole-cell currents become less rectifying in activated cells, halving the ratio between 

outward:inward current (I+100 mV:I-100 mV, ζ – see Appendix B) and linearising the I-V relationship (Figure 

34). In contrast, the whole-cell I-V relationship of <Mathias fibre cells shows length-dependant 

change (Figure 34). In longer cells (>150 μm), currents at ±100 mV are approximately double in 

magnitude when compared to shorter cells (<150 μm, Figure 34A). When normalised to cell 

capacitance (Figure 34C), current densities per unit membrane area are revealed to be significantly 

larger (>2-fold) in shorter cells than in longer cells. Such length-dependant alterations in physiological 

fibre cell membrane properties will be explored in detail in subsequent chapters.  

The increased conductivity resulting from cell activation has profound impact on the 

electrophysiological characterisation of activated fibre cells, since the large clamping currents necessary 

greatly exacerbate series resistance error (x-axis error bars, Figure 34B, D). Increased membrane leak 

also translates into a shorter electrotonic length constant (λ) in activated cells, which falls to ~25% that 

of <Mathias cells. The resulting distortion of voltage-dependant responses and compromised voltage 

clamp in activated cells are exacerbated by increasing cell length (see 4.3.4). These inherent limitations 

must be therefore be acknowledged in interpreting the voltage-dependant membrane properties of 

activated fibre cells. 

While it appears that physiological, <Mathias cells display length-dependant alterations in their 

response to membrane voltage changes, the I-V relationships from >Mathias fibre cells were very 

similar in shape between length groups (Figure 34B), with cells of all lengths largely losing their 

voltage-dependant properties and becoming Ohmic, linearised and depolarised (Ere  0 mV). 

Normalising current against Cm (Figure 34D) reveals that all >Mathias cells contain an approximately 

similar current density, whose variation with voltage is no longer distinct between groups. Overall 

current densities approach 10-fold higher than in <Mathias cells (Figure 34C-D), an increase which 

from the alteration in reversal potential highlighted in (Table 7) would appear to be due to the 

activation of non-selective transmembrane pathways in activated fibre cells. Since cataractogenesis is 

associated with lens depolarisation and calcium influx via the induction of membrane leak, it is 

possible that the membrane behaviour of “activated” isolated fibre cells may reveal information on 

these destructive conductances. The alteration in membrane properties associated with fibre cell 

activation will be revisited in later chapters, where further investigation of non-selective cation channel 

pathways in isolated fibre cells is conducted. 
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Chapter 6 

Differentiation-dependant changes in the physiological 
membrane properties of isolated fibre cells  

Fibre cells in the outer lens cortex are in a zone of key physiological significance to the lens as a 

whole, since it is in this area that the anterior epithelial cells begin to differentiate and alter their 

physiology to become lens fibre cells. Little is known, but much is hypothesised, about the alteration in 

membrane properties which drives the dramatic cellular events that accompany differentiation. 

Epithelial cells divide, begin to migrate, and extend both their basolateral and apical aspects in 

opposite polar directions; elongating axially while increasing the internal cytoplasmic volume many 

times. Each of these cellular processes are thought to be triggered, driven, or modulated by 

transmembrane ion transport activity; by the concerted and carefully regulated action of membrane 

channels and transporters, which mediate the passage of ions across the cell membrane. Thus, as 

differentiation progresses and fibre cells elongate towards maturity, we expect there to be alterations in 

cell membrane properties that reflect their changing mode of cellular activity. The function of fibre 

cells in vivo is also hypothesised to be related to their anatomical location within the lens as part of the 

internal circulation system; shifting from a transport-driven efflux pathway in surface cells towards a 

passive distributed influx pathway in the longer fibre cells (Mathias et al., 1997).  

To explore changes in fibre cell membrane properties with differentiation, the membrane 

properties of physiologically-conductive differentiating fibre cells were measured by whole patch 

clamping. Artefactually-activated cells were identified (see previous chapter), and experimental artefact 

was excluded as the source of observed variability within a data set of physiologically-conductive cells 

examined at baseline. This large data set (n=126) was then interrogated for length-dependant changes 

in membrane properties. By exploiting the inherent age/length/maturity/location relationships 

embedded in the lens structure, differentiation-dependent (or at least length-dependent) alterations in 

membrane properties can now be investigated in isolated cells of varying lengths to delineate the 

alterations in membrane behaviour which underlie fibre cell differentiation. Differentiation-dependant 

alterations in whole-cell electrophysiological behaviour could be expected to contribute to the large 

observed variability within the fibre cell population, and will be explored in this chapter. 
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6.1.1 Membrane Resistance (Rm) and specific conductivity (ρs) 
Plotting membrane resistance vs cell length for <Mathias cells reveals that the decrement of Rm 

with length described in section 4.1.1 is preserved (Figure 35A). Splitting the data set on the basis of 

area conductance has removed a portion of the low-Rm subpopulation from the lower length range, 

while retaining other cells with superficially similar membrane resistance. Keeping the same population 

of active ion channels during elongation of fibre cells would be expected to preserve Rm constant as 

cells elongate, since overall membrane conductance (gm) would remain the same although extant ion 

channels would be diluted over an increasing membrane area. The observed fall-off in Rm with length 

(Figure 35A) implies the addition of new conductance pathways in the membrane, thereby increasing 

gm. This could occur through de novo synthesis or insertion of additional ion channels, or via an 

alteration in the activation state of existing channels.  

Plotting the specific conductivity of <Mathias cells against length (Figure 35B) demonstrates 

that while ρs falls with length, as predicted under the lens internal circulation hypothesis, this fall-off is 

not so rapid as would be expected from a pure channel dilution phenomenon. The alteration in ρs with 

length suggests that the dilution of ion channels over an increased membrane area occurs in parallel 

with the addition of new conductance pathways as fibre cells elongate. Normalising for membrane 

area would sharply decrement the ρs-length curve with length if channel population was constant 

during this process (dashed line, Figure 35B, assuming an initial conductance of 2.02 pS/μm2, initial length 

of 50 μm, and perimeter of 26.7 μm – from Figure 31). Persistence of a raised fibre cell membrane 

conductivity implies increased activity of ion channels in isolated fibre cells with increasing length. 
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Figure 35 – Addition of ion channel pathways is implied by changes in membrane parameters with length.    
A - <Mathias cells display length-dependent decrement in Rm, indicating the addition of new conductance pathways 
in fibre cell membranes as they elongate. B – The physiological conductance properties of fibre cell membranes also 
tends to decrement with length. The decrement in conductance, however, is less rapid than would be expected if 
existing channels were simply diluted over the increasing cell membrane (dashed line)  
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While electrophysiology can obviously not discriminate between in-membrane activation of 

existing ion channels and de novo synthesis, the observation of altered membrane resistance and 

conductance properties with elongation directly confirms that fibre cell membrane properties are 

physiologically altered in a differentiation-dependant manner. This alteration in channel population 

and/or properties is consistent with a re-jigging of the ion channel complement of fibre cells to allow 

cell elongation, migration, and differentiation into fibre cells - thus reflecting their changing 

physiological role. The spatial differences in ion permeability thus generated are also hypothesised to 

underlie and mediate the circulating flux of ions and fluid which is thought to provide an internal 

microcirculation system in the avascular lens (Mathias et al., 1997). Further work will be required to 

determine the molecular basis of these new conductance pathways, and their physiological significance 

to fibre cells during differentiation, and their role in the intact lens. 

6.1.2 Cell length in vitro vs in vivo dimensions 
To establish a basis for length-based analysis of fibre cell membrane properties identified in the 

previous section, the relationship between the measured length of isolated cells in vitro was compared 

to that in vivo. To relate the length of isolated fibre cells to their in vivo anatomical origin, the length of 

peripheral cortical fibre cells in age-matched fixed axial cryosections (Figure 36A) were measured and 

correlated with the distance from the capsule expressed as a function of number of cell layers (Figure 

36C). Since in the intact lens the capsule normally keeps the fibre cells under some tension, length 

measurements of isolated fibre cells could potentially underestimate the length of fibre cells in the in 

vivo situation. Hence a similar axial length to cell layer correlation was conducted on large isolated rafts 

of fibre cells obtained by reducing the amount of agitation used during the enzymatic dissociation 

procedure (Figure 36B). These cell rafts frequently occurred as trapezoidal clusters of elongating fibre 

cells connected by their broad sides in a similar arrangement to that within cortical fibre cell columns 

in vivo.  

The two analyses yielded an essentially identical curvilinear relationship between consecutive cell 

layers and fibre cell length (Figure 36C), with plotted points (Mean ± SEM) overlying one another at 

least within the first 25 layers of the lens outer cortex. Thus it appeared that isolated fibre cells in vitro 

retained a similar length to that in vivo, and hence the original anatomical location of isolated fibre cells 

could be directly determined from cell length as measured in vitro. 
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Figure 36 – A calibration curve for fibre cell length in vitro vs. in vivo. A - Axial lens cryosection labelled with 
membrane-specific (WGA-TRITC, red) and DNA-specific (Propidium Iodide, blue) fluorophores. B – Trapezoidal 
isolated fibre cell raft (21 cell layers) (Scale bars 50μm). C – Length vs. layer relationships calculated from fixed 
axial lens sections and isolated fibre cell rafts. 
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Since fibre cell length measured in vitro is thus shown to be essentially equivalent to their length 

in vivo, it is now possible to investigate quantitatively whether key membrane parameters display length-

related changes. The isolated fibre cell data set was thus binned by cell length for statistical analysis 

into three categories: ‘Short” (SFC <150 μm), “Medium” (MFC 150>x>300 μm), and “Long” (LFC 

>300 μm) fibre cells, (shown in Figure 37).  
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Figure 37 – Creation of length groups from isolated fibre cell data. Length vs. layer relationships calculated 
from fixed axial lens sections and isolated fibre cell rafts, showing length groups for analysis (SFC <150 μm, MFC 
150>x>300 μm, LFC >300 μm). 

The lower classification point (SFC<150 μm) is anatomically relevant, in that the SFC class 

consists primarily of cells from the modiolus, while the MFC and LFC classes are segmented as such 

to better delineate changes in membrane properties in a statistically-robust analysis of variance 

(ANOVA) approach (see Methods). Because each length group will contain cells of very similar length, 

and therefore theoretical properties, to those on either side, creation of a third group between very 

short and very long cells should better distinguish such length-related changes, which are expected to 

vary in a continuous fashion with the progress of fibre cell differentiation.  
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6.1.3 Membrane resistance (Rm) and Specific Conductivity (ρs) 
Trends in membrane resistance and specific conductance within pooled length groups (Figure 

38) appeared very similar in character to those discussed in section 6.1.1. Membrane resistance (Rm) 

decrements with length (Figure 38A), indicating the addition of ion-permeable pathways into the cell 

membrane, since Rm ∝ 1/gm. The large variability in absolute Rm between fibre cells of even quite 

similar length leads to large variance, and hence no detected statistical difference when pooled in 

ANOVA, despite the obvious decrement in Rm with length observed at the population-wide level (see 

6.1.1). 
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Figure 38 – Length-related changes in isolated fibre cell membrane resistance and conductance.                      
A - Membrane resistance (Rm, Mean ±SEM) by <Mathias length group. B – Specific conductivity (ρs, Mean ±SEM) 
by <Mathias length group. 

 
The slow decrement in ρs with fibre cell length (Figure 38B) further demonstrates that the 

increase in membrane area with elongation is offset by the opening of additional permeant pathways, 

as discussed in section 6.1.1. The basis and potential for modulation of these additional permeation 

pathways will be explored in detail in subsequent chapters. 
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6.1.4 Variation in reversal potential in fibre cells of different lengths 
The reversal potential of whole cell currents from isolated fibre cells, although statistically 

indistinguishable between groups, were each found to differ significantly from 0 mV (Table 8). This is 

in itself a novel finding, especially in the more elongated cell groups, since fibre cells have historically 

been thought incapable of retaining ionic selectivity and a hyperpolarised membrane potential when 

isolated from the lens.  

 

Table 8 – Single-population means comparison of 
fibre cell length groups Erev with 0 mV 

Group n Mean ±SEM p≡0 
SFC 57 -28.57 ±3.99 <10-5 
MFC 25 -16.26 ±3.14 0.00003 
LFC 13 -24.82 ±5.77 0.00103 
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Figure 39 - Whole-cell current reversal potential 
(Erev) in <Mathias isolated fibre cells (Mean ± 
SEM) by length group. 

This observation of a negative average reversal potential in isolated elongating fibre cells 

maintained in the presence of 1 mM Gd3+ provides convincing evidence to suggest that not only can 

isolated fibre cells retain membrane selectivity for ions, but the observed variability in Erev observed 

demonstrates that the ionic basis of this selectivity also varies a great deal between cells.  Now that 

excessively-activated cells have been eliminated from this analysis, there remains significant variation in 

the membrane properties of isolated fibre cells. Many properties, including reversal potential, vary 

widely even among cells which are of similar length and within a physiological conductance range. 

These observations indicate the presence of a variety of ionic conductance profiles within isolated 

fibre cells, the basis of which will be explored in subsequent sections. 
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6.1.5 Current-voltage relationships in isolated fibre cells 
To investigate that current-voltage responses of isolated fibre cells, voltage clamp to a series of 

potentials was applied via the patch electrode and the resulting current measured. The average I-V 

relationships for each of the three <Mathias length groups established in Figure 34 are presented in 

Figure 40, as both absolute currents (A) and currents normalised to membrane capacitance (INorm, B). 
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Figure 40 - Average current-voltage relationships (mean ± SEM) of isolated fibre cells in the presence of 1 
mM [Gd3+], grouped by cell length (SFC <150 μm, MFC 150>x>300 μm, LFC >300 μm). A – Average I-V 
relationships of <Mathias isolated fibre cells compared. Note the similarity between MFC/LFC groups in terms of 
current magnitude, while SFC’s display less current in both ± directions. Note the low error in voltage (representing 
series resistance (Rs) error), which is plotted as x-axis error bars for each length group. B – Normalised I-V 
relationships (pA/pF) for <Mathias fibre cell length groups, revealing the larger current density present in the SFC 
group in both the outward and hyperpolarised directions. 

 
The absolute current carried at all potentials by short isolated fibre cells (SFC) was found to be 

lower than for the two longer cell groups (MFC, LFC), which were indistinguishable in terms of both 

the shape and magnitude of their I-V responses (Figure 40A). This similarity between the longer cell 

groups was preserved when currents were normalised to membrane capacitance (Figure 40B), with 

both MFC and LFC groups overlying one another. However normalisation of currents to membrane 

area (estimated from Cm) revealed that short fibre cells conduct approximately 3-fold more current per 

unit area in the outward direction than longer cells, and also possess an inwardly-activating current 

component which alters the characteristic outwardly-rectifying I-V at potentials below -80 mV. The 

activation of an additional, inwardly-activating conductance at potentials hyperpolarised to -80 mV 

(≈EK) implies the presence of a conductance component in short fibres which is substantially lacking 

in more elongated fibre cells. 
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6.1.6 Whole-cell current magnitude and direction (Iss Env, Iss ±100mV) 
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Figure 41 - Length-related changes in whole-cell envelope current (Iss.Envelope) and steady state current at ±100 
mV (Iss±100 mV) in isolated fibre cells. A – Steady-state envelope current (Iss.Envelope, Mean ± SEM) by <Mathias 
length group. B – Steady-state current at ±100 mV (Iss±100 mV, Mean ± SEM) by <Mathias length group. 

Envelope current represents the sum of of overall currents at ±100 mV, quantifying the overall 

magnitude of whole-cell currents triggered by the applied voltage protocol. Shorter cells tend to 

display slightly lower envelope currents than longer cells (Figure 41A), although the mean increase in 

current magnitude is minor even between the SFC and LFC groups. The small increase in envelope 

current appears to be due to slight increases in both mean inward (Iss-100 mV,) and outward (Iss+100 mV) 

current in these more elongated cells (Figure 41B).  

6.1.7 Current morphology (Rectification ratio (ζ)) 
The rectification ratio (ζ) reflects the relative preponderance of inward vs. outward current from 

the cell at hyper- or depolarised membrane potentials respectively. Whole-cell current in all groups 

appears greater in the depolarising than hyperpolarised direction (Iss±100 mV, Figure 41B) with of 4-6 fold 

greater outward current at +100 mV than inward at -100 mV. The variability of the whole-cell current 

profile between cells is reflected in the scatter in rectification ratio within groups (Figure 42). Both the 

scatter and the outward dominance of the whole-cell current in isolated fibre cells is reduced in the 

longer cell class, which appear to display more consistency in their current morphology than the 

shorter groups.  
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Figure 42 –Variability in the rectification ratio of isolated fibre cells. 
Dominance of outward current in most isolated fibre cells is reflected in 
the high rectification ratio (ζ>1, see B.3.4, Appendix B) 
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6.2 A pooled statistical analysis of length-related changes in fibre cell 
membrane properties 

Length-related changes in the measured membrane parameters of isolated fibre cells within 

defined length groups (Figure 37) were evaluated by 2-way analysis of variance (ANOVA), using the 

Bonferroni correction to preserve experiment-wide error (see 4.1.2, and Appendix C). Statistical 

significance was not detected between any of the groups for any parameter at the p<0.05 level, 

excepting Cm and ξ (*, Table 9); length-related changes in both of which may be expected since they 

incorporate cell length in their derivation (see Appendix B).  

Length-related trends in these membrane parameters would be detected only where the change 

in that parameter with length overcame statistical scatter caused by other factors. Noting significant 

scatter in most of these membrane parameters, the Brown-Forsythe test for equal variance was 

incorporated within the ANOVA analysis to test whether variance was similar between groups (see 

Appendix C). Inequality of variance between groups violates a basic assumption of the ANOVA 

analysis, excessively inflating the resulting F statistic and leading to an increased risk of false negative 

error (Brown and Forsythe, 1974). In this analysis, only those parameters which displayed significantly 

similar variances detected significant differences between groups (Table 9) and thus lack of statistical 

significance does not necessarily reflect lack of length-related alterations in membrane parameters. 

Such trends as can be identified indicate physiological changes in these parameters with length, but 

which are compounded by significant variability in the magnitude and characteristics of components 

of the whole-cell current response. The extent and basis of such variability will be explored in 

subsequent sections.  

Table 9 – ANOVA analysis of <Mathias fibre cell membrane parameters between length groups 

Group comparisons ANOVA  
means comparison SFC MFC

Brown-Forsythe  
test for equal variance Parameter 

pMeans are different MFC LFC LFC pVariance not equal 
Cm <10-5 * * * 0.001 
Rm 0.791 N.S. N.S. N.S. 0.753 
ρs 0.536 N.S. N.S. N.S. 0.449 

Erev 0.134 N.S. N.S. N.S. 0.041 
Iss Envelope 0.802 N.S. N.S. N.S. 0.840 
Iss -100mV 0.611 N.S. N.S. N.S. 0.932 
Iss +100mV 0.857 N.S. N.S. N.S. 0.807 
% +ve IV 0.572 N.S. N.S. N.S. 0.261 

Rectification ratio (ζ) 0.908 N.S. N.S. N.S. 0.857 
λ 0.840 N.S. N.S. N.S. 0.780 

Length/ λ (ξ) <10-5 * * * <10-5 

* - Group means significantly different at α=0.05 level, N.S. – Not significant
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6.2.1 Sources of variability within groups – current activation kinetics 
While several key membrane parameters can be shown to alter with length in physiologically-

conductive isolated fibre cells, the gross morphology of whole-cell currents was often observed to 

differ substantially even among cells of equivalent length and gross membrane characteristics (Figure 

43). In this example, two cells display significantly different current activation kinetics at depolarised 

potentials, despite their similar axial dimensions (277 vs. 275 μm), reversal potential (-32 vs. -35 mV), 

and conductance (0.21 vs. 0.11 pS/μm2). The cell in panel A displays an outwardly-rectifying overall 

current with a slowly-activating kinetic (τ=177.83 ms) at depolarised potentials, while the cell in B 

shows no hint of this slowly-activating component despite also being mildly outwardly rectifying.  

The similarity in reversal potential between the cells in Figure 43 suggests that their membrane 

ionic selectivity is similar, as is measured current density, while the comparable size of capacitive 

charging responses between these cells also argues that voltage clamping is equally effective in both. 

Such variability in current morphology and activation kinetics observed in otherwise very similar 

isolated fibre cells is therefore likely to represent real differences in membrane behaviour. Differences 

in the activation kinetics of whole-cell currents in isolated fibre cells even of similar lengths and 

reversal potential may indicate variability in ion channel isoform expression between cells. 

Alternatively, regulation of channel gating kinetics by some other factor (such as [Ca2+]i or 

phosphorylation state) may influence the current response via a population of similar channels. 

Various intracellular signalling cascades can alter channel gating and voltage dependence in a non-

linear fashion in a variety of channel types in response to a wide range of stimuli. While the basis of 

such observed variability remains to be determined, differential expression and/or regulation of ionic 

permeabilities in fibre cells may turn out to have profound significance to fibre cell physiology, and to 

the behaviour of the lens as a whole. 



- 105 - 

 
 
 A 

F 

  

500 pA

200 ms

 B  

500 pA

200 ms 

 

C

E 

D

-200 
     

-
 
100 

     

0 
      

100 
     

200 
     

300 
     

400 
     

500   

-100
  

-75
   

-50
   

-25
   

0 
      

25 
   

50 
    

75
   

100
  

V (mV)

      

I (
pA

) 

Cell in B
 

Cell in A
 

-100 

-80 

-60 

-40 

-20 

0 

20

0 200 400 600 800
Length (μm)

E R
ev

 (m
V) <Mathias

>Mathias
B 
A 

0 

2000 

4000 

6000 

8000 

10000 

0 200 400 600 800
Length (μm) 

R
m
 (M

Ω
)

<Mathias
>Mathias

B 
A 

0

5

10

15

20

25

0 200 400 600 800
Length (μm)

<Mathias
>Mathias

A 
B 

ρ s
 (p

S/
μm

2 )

 
Figure 43 - Variable current kinetics in otherwise similar isolated fibre cells. A – MFC length 277 μm, Erev -32 
mV, ρs 0.21 pS/μm2 which displays outwardly-rectifying overall current with a slow activation kinetic (τ=177.83 
ms) at depolarised potentials. B - MFC of very similar length (275 μm), Erev (-32 mV), and ρs (0.11 pS/μm2), which 
displays no hint of this slowly-activating current component. C-E - Isolated fibre cell data showing the similarity in 
localisation of the fibre cells in A and B within parameter-length plots of fibre cell membrane properties (C – Rm,    
D - ρs, E – Erev). Rm, ρs and Erev are very similar between the two cells, whose axial length is almost identical. 
Despite these multiple similarities, whole-cell current morphology differs considerably between the two cells, with 
cell A displaying delayed activation at depolarised potentials. F – Current-voltage relationships compared for cells in 
A and B, demonstrating the apparent differences in current delayed activation at depolarising potentials. Inward 
current component magnitude and Erev are very similar between these cells with otherwise very similar 
characteristics. This difference in current activation implies either a difference in channel expression with similar 
selectivity, or differences in the activation of underlying channels. 
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6.2.2 Variability in whole-cell current kinetics 
Noting the obvious variation in activation kinetics of whole-cell current components, even from 

otherwise very similar cells (as in Figure 43), an attempt was made to characterise these changes and 

relate them to cell length, conductance and a number of other membrane parameters. On creation of 

kinetic descriptors from whole-cell currents at both ±100 mV (see Appendix B), these were related to 

nominated membrane parameters and investigated for trends.  
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Figure 44 – Kinetics of whole-cell currents in isolated fibre cells. A – Current augmentation at +100 mV (○) and 
-100 mV (○) plotted vs. cell length. Note that longer cells tend to display less current augmentation in either 
direction. B - Current augmentation at +100 mV (○) and -100 mV (○) plotted vs. ρs. Note that low-conductance cells 
display a range of current augmentation and decrement, while higher conductance cells reach a maximum of ~50% 
augmentation in either direction. C – Current augmentation at +100 mV (○) and -100 mV (○) plotted vs. the 
magnitude of the current at the relevant transmembrane voltage. Note that cells conducting high current in either 
direction display significantly lower current alteration than cells conducting less current. D – Timecourse (τ) of 
current augmentation at +100 mV (○) and -100 mV (○) plotted vs. cell length. Note the lack of a consistent positive 
relationship between τ and cell length. 

Current augmentation at ±100 mV is highly variable among shorter fibre cells (Figure 44A) with 

most cells displaying some degree of delayed activation at depolarised potentials, although the relative 

magnitude of this change varies widely. At hyperpolarising potentials, whole-cell currents in fibre cells 

characteristically inactivate rapidly, although there exist a subpopulation of shorter cells displaying 

delayed activation at -100mV (Figure 44A). The magnitude of the current change is also quite variable, 

possibly indicating the concomitant presence of linear currents which would not be expected to 

undergo delayed changes in magnitude and would thus reduce the relative magnitude of delayed 
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change in membrane current. It can also be seen that as specific conductivity increases, the delayed 

alteration in current at ±100 mV is reduced (Figure 44B), indicating that such higher-conductance cells 

become dominated by conductances which lack this delayed activation kinetics.  

Current augmentation at depolarising potentials appears to be independent of current magnitude 

(Figure 44C), with varying degrees of delayed activation observed in cells containing even the largest 

currents at +100 mV. At hyperpolarised potentials, however, cells with large inward currents largely 

lost their characteristic delayed-inactivating current morphology. The sub-population of cells 

displaying current activation at hyperpolarised potentials also tend to display very low currents in the 

inward direction, and examination of the whole-cell current response reveals these very short fibre 

cells contain an inwardly-rectifying component, summated with the characteristic outwardly-rectifying 

current morphology of isolated fibre cells (for an example, see Figure 45A). 

The observed variability in time-dependant whole-cell current alteration could potentially be 

caused by some length-dependant error factor (such as a combination of space-clamp and distributed-

Cm errors - see Figure 30, Figure 32). If space clamp or other length-related artefact was responsible 

for the observed delayed kinetics, then a positive relationship should exist between the time-course (τ) 

of current alteration and cell length. It can be seen in Figure 44D that, if anything, a slightly decreased 

time-course for these current alterations is evident in more elongated cells, while the large variability in 

τ among cells indicates the presence of a variety of kinetic processes which may interact to produce the 

observed delayed changes in whole-cell current in isolated fibre cells. 

The variability in current activation/gating may indicate the presence of “compound” currents, 

where more than one class or type of ion channel is responsible for the observed whole-cell behaviour. 

It is additionally possible that sensitivity to some compounding factor (such as variations in [Ca2+]i, (see 

Figure 19) manifests in the observation of altered channel kinetics. It thus seems increasingly likely that 

different individual fibre cells contain multiple parallel conductances, with varying dominance in any 

given cell. The existence of multiple channel types manifests in the range of current magnitude, 

morphology and activation/inactivation kinetics observed, while the dominance of particular 

conductances within different cells may additionally reflect their differential sensitivity to potentiating 

stimuli such as ↑[Ca2+]i, membrane stretch, etc.  

Detailed quantitative analysis of channel kinetic behaviour, which was not a specific goal of this 

study, requires the careful isolation of individual conductances and is best pursued at the single-

channel level or within the controlled environment of an expression system. Future experiments, 

designed to delineate the contribution of individual classes of ion channels to fibre cell behaviour, may 

cast light on this area. 
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6.2.3 Sources of variability within groups – whole-cell current ionic selectivity 
Physiological trends in whole-cell current reversal potential are compounded by significant 

biological scatter, which may indicate alterations in available ionic conductances as fibre cells 

differentiate. Differences in overall ionic selectivity of fibre cell membranes occurs even among 

otherwise very similar cells, as in Figure 45, where two short fibre cells of identical length (47 μm) and 

very similar conductance (0.36 vs. 0.28 pS/μm2, Figure 45B) display different whole-cell current 

response in the hyperpolarising direction (Figure 45A, F). The cell in A shows an additional, inwardly-

rectifying current component at potentials negative to EK, which is apparently absent in the cell shown 

in B. This hyperpolarisation-activated inward current was often present in cells which displayed very 

negative Erev values, indicating the probable presence of a K+-selective, inwardly-rectifying ion channel 

in short isolated fibre cells. This current may be similar to that reported previously in lens epithelial 

studies (Cooper et al., 1991; Rae and Shepard, 1998) and in short isolated fibre cells (Miller et al., 1992; 

Donaldson et al., 1995), and is perhaps a remnant of epithelially-expressed channels which persist 

during the initial stages of cell differentiation, after which this hyperpolarisation-activated conductance 

seems to be lost (Figure 34C). 
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Figure 45 - Variable current morphology in isolated short fibre cells indicates variability in channel 
expression within isolated cell population. A – A family of whole-cell currents from a SFC (47 μm), ρs 0.36 pS, 
Erev -40 mV which expresses a “combination” type current containing both inwardly- and outwardly-rectifying 
components. B – SFC of identical length (47 μm) and conductance range (0.28 pS), but whose I-V relationship 
appears to contain only a linear to outwardly-rectifying component and which displays a more hyperpolarised 
reversal potential (-81 mV). C-E - Isolated fibre cell data showing the similarity in localisation of the fibre cells in A 
and B within parameter-length plots of fibre cell membrane properties (C – Rm, D - ρs, E – Erev). Rm, ρs and Erev are 
very similar between the two cells, whose axial length is identical. Despite these multiple similarities, whole-cell 
current morphology and Erev differ considerably between the two cells. F – Current-voltage relationships compared 
for cells in A and B, demonstrating the differences in current morphology and reversal potentials between these cells 
with otherwise very similar characteristics. This difference in current morphology and Erev implies a difference in 
underlying channel population between these otherwise very similar cells. 
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Plotting whole-cell current reversal potentials measured in isolated fibre cells against cell length 

(Figure 46) reveals a progressive reduction in maximal hyperpolarisation with length which reduces the 

range of reversal potentials occupied by isolated fibre cells as they elongate. Variation in the magnitude 

and polarity of Erev observed between isolated fibre cells thus reflects differing selectivity between their 

membranes, which is predicted under the internal circulation hypothesis (Mathias et al., 1997) - where 

differences in the ionic selectivity of cell membranes in different lens locations is required for vectorial 

ion movement.  The scatter observed in Erev values (Table 10) between Nernst potential of the 

predominant ionic species (EK, ECl and “ENSC
”=0 mV) indicates that multiple parallel ionic 

conductances may be simultaneously active to different levels in different individual isolated fibre cells, 

variably influencing overall membrane selectivity according to their fractional contribution to overall 

conductance. Very activated cells (>Mathias - ●/●, Figure 46) generally displayed depolarised reversal 

potentials, indicating that their cell membranes are relatively non-selective to the passage of ions, while 

less conductive cells displayed a wide range of reversal potentials. More physiologically-conductive 

cells possess a range of ionic selectivities, and the range occupied appears to become compressed with 

fibre cell elongation from very hyperpolarised, EK-dominated shorter cells towards longer cells lying 

closer to ECl or more depolarised. The source of this variability will be explored in later chapters. 

Table 10 – Reversal potentials of ions in the whole-cell patch clamp recording configuration 

Ionic Species (x) [x]o 
(mM) 

[x]i 
(mM)

Nernst Potential (Ex) 
(mV) 

Na+ 149.0 10.0 +68.16 
K+ 4.7 130.0 -83.77 
Cl- 158.7 20.8 -51.27 
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Figure 46 – Whole-cell current reversal potential (Erev) in isolated fibre cells decrements with 
length, and with cell activation. Note the compressed range of Erev values occupied by cells as they 
elongate, implying a declining influence of K+ permeability on membrane potential in elongated 
fibre cells and that Erev approaches ENSC (0 mV) as area conductance increases. 
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6.3 Discussion 

The membrane properties of isolated fibre cells resemble a continuum, from hyperpolarised, 

electrically-tight epithelioid short fibre cells (Figure 45A) towards a different whole-cell current 

morphology and reversal potential in more elongated cells (Figure 43). Such alterations in membrane 

behaviour were predicted as early as 1985 from intact-lens measurements, leading to the hypothesis 

that a lens internal circulation system resulted from these spatial differences in membrane transport 

(Rae and Mathias, 1985). In the context of this model of lens physiology, fibre cell differentiation 

involves a gradual transformation in cellular role, from mediating constitutive ion efflux in the 

periphery towards contributing to the distributed ion influx entering internalised cells. Differentiation-

dependant alterations in the membrane behaviour of fibre cells is a key component of this lens internal 

circulation hypothesis, but until now have never been directly confirmed at the cellular level.  

Since fibre cell length in vitro has been shown to be predictive of in vivo location, these length-

dependant trends can now be related to fibre cells at particular stages during their differentiation. 

Characterising the membrane properties of isolated fibre cells of a range of lengths has allowed the 

delineation of length-dependant trends. A length-based analysis of fibre cell membrane resistance and 

conductivity strongly suggests that the addition of new membrane conductance pathways is a key 

feature of fibre cell differentiation. Observed alterations in the range and clustering of reversal 

potential measurements with cell length suggests that these new membrane conductances may differ in 

their characteristics, in line with the specialisation in membrane transport hypothesised to underlie the 

lens internal circulation system. In parallel with this alteration in baseline membrane properties, 

differentiating fibre cells within length groups occupied a range of reversal potentials (Figure 46). Cells 

of otherwise very similar length and baseline membrane parameters can demonstrate vastly different 

reversal potentials and whole-cell current morphologies, indicating that individual fibre cells may 

express many or a few of a range of different ionic conductances - each of which may be more or less 

present or dominant in any one cell. This apparent diversity in conductance complement compounded 

statistical analysis, however the range of reversal potential measurements highlighted in this chapter in 

isolated fibre cells indicates a range of ionic selectivity profiles among isolated fibre cells. Any 

demonstration of membrane selectivity in native fibre cells is in itself a key novel finding, and 

represents a significant improvement in quality of cells obtained by these methods. Although a 

mechanistic basis for the observed diversity in membrane properties cannot yet be assigned, the 

presence of differing cellular properties between otherwise similar fibre cells implies that the 

membrane behaviour of fibre cells may be a good deal more complex than previously thought. 

The following chapter will investigate observed differences in fibre cell membrane properties by 

examining the selectivity of the ionic permeabilities present in isolated fibre cells of different lengths.  
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Chapter 7 

 Differentiation-dependant alterations in fibre cell ionic 
selectivity  

 

The variability in whole cell current morphology, activation kinetics, and reversal potential 

highlighted in the previous chapter between cells of similar length and conductance implies variability 

in the ion channel population present within individual cells. In addition, the alteration in the 

relationship between fibre cell membrane resistance and conductance with cell length suggests that 

new ion channels are added to fibre cell membranes as they elongate (Figure 35). A shift in the 

dominant ionic permeability in fibre cells away from K+ in surface cells towards Na+ and Cl- in deeper 

fibre cells has been inferred from impedance measurements in the intact lens (Baldo and Mathias, 

1992), suggesting that alterations in K+, Cl-, and Na+ ionic permeability may be an inherent feature of 

fibre cell differentiation. It is hypothesised that this differentiation-dependant shift in permeabilities 

sets up spatially segregated ionic influx and efflux across the lens radius, which form an internal 

circulation system within the lens (Mathias et al., 1997). While the macroscopic characteristics of lens 

permeability to ions has been investigated, spatial segregation of ionic permeabilities - the central tenet 

of this hypothetical circulation system - has yet to be demonstrated at the single-cell level. 

In this chapter I have tested this model of differentiation-dependant alteration in ionic 

permeability. Through the utilisation of pharmacological reagents and ionic replacement, the relative 

contributions made by each ion to the membrane properties of isolated fibre cells of a range of lengths 

were delineated. Individual experimental examples are presented to illustrate the variability that exists 

between cells of similar length, while pooled analyses are used to delineate trends between length 

groups. This length-based characterisation of membrane selectivity reveals that the differentiation of 

epithelial cells into elongated fibre cells is accompanied by a switch from a dominant K+ conductance 

in short cells, to more dominant contribution from Cl- and Na+ conductances in longer more 

differentiated fibre cells. These data represent the first confirmation at the cellular level of spatial 

variations in ion permeabilities within the lens cortex, a key postulate of the lens internal circulation 

system.  
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7.1 Characterisation of K+ conductances in isolated fibre cells 

Quantitative measurements of the ionic permeability of lens cell membranes indicated a very low 

permeability of internalised fibre cells to K+ (Baldo and Mathias, 1992). The differentiation of 

epithelial cells into fibre cells has long been thought to be associated with the downregulation of K+ 

channels (reviewed in Mathias et al., 1997). This loss of K+ permeability has also been postulated to 

drive cellular volume increase during the rapid phase of cellular elongation seen in recently 

differentiated fibre cells (Beebe et al., 1982; Beebe et al., 1990). Hence it is reasonable to hypothesise 

that K+ channels, if present in differentiating fibre cells, will be similar to those expressed in the 

overlying epithelium from which the fibre cells originate. A variety of K+ conductances have been 

reported in the lens epithelium, indicating wide diversity in lenticular K+ channels. Not all of these 

identified channels are found in every species, or even in any one cell (Cooper et al., 1991). This 

heterogeneity in K+ channel expression likely reflects a range of diverse functional roles filled by these 

channels.  

 Inwardly-rectifying (KIR) channels of ~32  pS were found in the human, rat, rabbit and mouse 

lens epithelium that were inhibited by Ba2+, but not by TEA. Rodent lenses are dominated by Ba2+-

sensitive KIR channels which are highly active at the resting potential. These channels are likely to play 

a role in clamping lens intracellular membrane potential close to the K+ equilibrium potential (EK) by 

providing a recycling pathway for intracellular K+ accumulated by Na+/K+ ATPase activity in the 

peripheral lens (Rae, 1993; Rae and Shepard, 1998). Application of Ba2+ to the intact lens, however, 

produced depolarisations of only ~10-20 mV (Delamere et al., 1980; Rae et al., 1992), indicating a 

non-exclusive role for KIR channels in setting lens potential (Mathias et al., 1997). Isolated lens 

epithelia from the same species, however, are depolarised almost completely by application of Ba2+ 

(Cooper et al., 1991). This data suggests that either epithelial or fibre cells contain additional 

conductances which contribute to the resting potential of the intact lens (Mathias et al., 1997). 

TEA-sensitive delayed outward rectifier (dOR) K+ conductances have also been found in the 

lens epithelium of every species studied (Cooper et al., 1991), and are the dominant channel type 

found in the epithelium of human, bovine, pig, frog and chick lenses (reviewed in Mathias et al., 1997). 

Outwardly-rectifying K+ currents are largely closed at resting potentials in the physiological range – 

contributing only a fraction of their peak “active” conductance (Rae, 1993) in cells at rest. Their 

outward rectification is due to voltage-dependant gating and the majority do not activate below 

membrane voltages of -30-40 mV. These channels are more characteristic of excitable cells, where 

their role is in rapid repolarisation of cell membrane potential following action potential generation. 
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TEA is only a weak depolariser of whole lenses (Lucas et al., 1987), consistent with a minimal role for 

these channels in setting lens resting membrane potential.  

Calcium-activated K+ currents (also called KCa, SK, or “Maxi” K+) that are blocked by both 

Ba2+and TEA are also an apparently ubiquitous finding in lens epithelia, however, their strong calcium 

dependence makes a basal role in maintaining intracellular potential unlikely. KCa channels are normally 

closed at physiological [Ca2+]i (nM), but open if levels rise into the micromolar range, their open 

probability increasing further with membrane depolarisation. Calcium-activated K+ channels have 

diverse roles in mediating cellular responses in other tissues to intracellular calcium accumulation as 

part of mechanical and humoral signalling (Nelson and Brayden, 1993; McCarron et al., 2002). The 

role of KCa channels in the lens is presently uncertain, but has been linked to both G-protein and 

tyrosine kinase signalling in the human lens (Rhodes et al., 2003), and in mediating the characteristic 

potential oscillations observed in the isolated rabbit lens, both spontaneously and in response to 

cholinergic stimulation (Alvarez et al., 1995; Alvarez et al., 1997). Various Ca2+-mediated signalling 

pathways have been demonstrated in the intact lens and isolated lens epithelial sheets (Williams et al., 

1993; Riach et al., 1995; Thomas et al., 1999; Collison and Duncan, 2001; Williams et al., 2001; Duncan 

and Collison, 2002; Rhodes et al., 2003; Collison et al., 2004), and it is possible that alterations in 

intracellular calcium interacts with KCa channels to modulate lens physiology in response to diverse 

signalling pathways.  

Since Ba2+ and TEA are known to be effective inhibitors of K+-selective channels in lens 

epithelial cells, these cationic compounds were used to probe for the presence of epithelial-like K+ 

channels in isolated fibre cells. 



- 115 - 

7.1.1 Differential effects of K+ channel inhibitors on cells of different lengths 
The effect of the K+ channel inhibitors, Ba2+ and TEA on measured whole-cell currents in 

isolated fibre cells appeared to alter with cell length. Representative examples of inhibitor exposure in 

short, medium, and long fibre cells will be presented, followed by a pooled analysis of the effect of 

Ba2+ and TEA on fibre cell whole-cell currents. 
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Figure 47 –Ba2+ blocks an inwardly-activating current in short isolated fibre cells. A - Whole-cell current 
recorded in AAH + 1 mM Gd3+. B – Whole-cell current recorded from the same cell in the presence of 5 mM Ba2+. 
C – Whole-cell currents recorded from the same cell after washing with AAH for 5 minutes, note the inward current 
does not return in this cell despite protracted perfusion to remove the inhibitor. D – Average currents at +100 mV 
(●) and -100 mV (○), extracted from voltage ramps during perfusion to AAH + 5 mM Ba2+ (red bar). Blue line – 
break in ramp recording to conduct characterisation in B. E – Whole-cell I-V relationships for the cell in A-C.     
Inset – short fibre cell from which the data for this figure was recorded, cell length 37 μm. 

The whole-cell current morphologies of short isolated fibre cells (<150 μm) were highly 

variable, and displayed varying sensitivity to the addition of Ba2+ (Figure 47) and/or TEA (Figure 48). 

A typical response of a short fibre cell to exposure to 5 mM Ba2+ in the presence of 1 mM Gd3+ is 

shown in Figure 47. This cell exhibited an inwardly-activating conductance component which was 

inhibited by exposure to Ba2+ (Figure 47A, arrow). Blockade of this inwardly-activating conductance 

component was associated with a depolarisation in whole cell reversal potential – further characteristic 

of the blockade of an epithelioid K+ conductance. Conductance blockade by Ba2+ was rapid in onset, 

preferentially affecting inward currents at voltages hyperpolarised to EK (Figure 47D). While inward 

conductance reduction on Ba2+ exposure was a common response in short fibre cells, it was not always 

reversible. An example of a short fibre cell which lacked the Ba2+-sensitive inwardly-activating 

component, but was sensitive to TEA is shown in Figure 48.  
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In the cell depicted, exposure to 5 mM TEA reduced an outwardly rectifying conductance, but 

did not alter the cellular reversal potential. Washout of TEA did not always result in the return of the 

inhibited conductance, while the remaining whole-cell current in this cell proved insensitive to Ba2+ 

(Figure 48D,E).  
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Figure 48 –The effect of K+ channel inhibitors on short isolated fibre cells is variable. A – Whole-cell currents 
recorded in AAH + 1 mM Gd3+. B – Whole-cell currents recorded from the same cell in the presence of 5 mM TEA. 
C – Whole-cell currents recorded from the same cell + 5 mM Ba2+. D – Average currents at +100 mV (●) and -100 
mV (○), extracted from voltage ramps during perfusion to AAH + 5 mM TEA (green bar) followed by a wash, and 
then addition of 5 mM Ba2+ (red bar). Blue break lines – gaps in ramp recording to conduct characterisations in B,C. 
E – Whole-cell I-V relationships for the currents in A-C. Inset – short fibre cell from which the data for this figure 
was recorded, cell length 45 μm. 

 

In short fibre cells, Ba2+ addition inhibited an inwardly-activating current component in 10 out 

of 14 fibre cells (74.4%) tested. In contrast, the addition of TEA to short fibre cells inhibited an 

outwardly-rectifying conductance in 9 of the 13 cells investigated (69.2%). Of these TEA-sensitive 

cells, 8 were also responsive to the addition of Ba2+ - indicating that Ba2+-sensitive and TEA-sensitive 

K+ conductances may be present together within the same cell. Thus it appears that short isolated fibre 

cells contain a similar heterogeneity in K+ conductance to that observed previously in the lens 

epithelium (Rae et al., 1988).  
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Figure 49 – The effect of K+ channel inhibitors on longer isolated fibre cells is minimal. A - Whole-cell currents 
recorded in AAH + 1 mM Gd3+. B – Whole-cell currents recorded from the same cell in the presence of 5 mM Ba2+. 
Note the minor alteration in whole-cell current in the hyperpolarising direction. C – Whole-cell currents recorded 
from the same cell exposed to 5 mM TEA – note the persistence of the dominant outward current. D – The presented 
“medium” isolated fibre cell under patch clamp, length 165 μm. Scale bar 50 μm. E – Whole-cell I-V relationships 
in A-C, showing the minor alteration in inward current in the presence of Ba2+, the lack of effect of TEA, and the 
persistence of the dominant outwardly-activating current component 

While short fibre cells contained a variety of conductances, which were sensitive to the addition 

of K+ channel inhibitors, these same compounds when added to medium or long fibre cells usually 

had minimal effect. An example of a longer cell that was minimally affected by the addition of Ba2+ 

and TEA is shown in Figure 49. In this fibre cell of medium length (~165 μm) the dominant 

outwardly-rectifying whole-cell current showed only a slight alteration in the inward direction (Figure 

49B), suggesting the Ba2+-sensitive conductance in this cell is only a minor component, with a much 

lower fractional contribution to the overall current than that observed in shorter cells. Despite the 

presence of a dominant outwardly-rectifying current, the addition of TEA had no effect (Figure 49C), 

suggesting that the underlying channel mediating this conductance differs from the TEA-sensitive 

outwardly-rectifying conductance detected in short fibre cells. The ionic basis of this Ba2+/TEA 

insensitive, outwardly-rectifying conductance component identified in medium fibre cells will be 

explored in subsequent sections. In this cell, addition of either K+ inhibitor had no effect on whole-cell 

current reversal potential, which remained positive throughout these manipulations (Figure 49F). Thus 

rather than being dominated by a K+ conductance this cell appears to contain other conductances.  
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To highlight the differential effects of K+ channel inhibitors on fibre cells of different length, 

difference currents were obtained by the subtraction of current voltage relationships obtained in the 

presence and absence of the two K+ channel inhibitors. These difference currents were then 

normalised to cell capacitance (IDiff.Norm) to facilitate comparison between the different length groups. 

The resultant current-voltage plots represent the average contribution of Ba2+-sensitive (Figure 50) and 

TEA-sensitive (Figure 51) currents to the whole cell current in the different length groups. The 

average normalised Ba2+-sensitive currents showed clear differences between the SFC and MFC/LFC 

groups (Figure 50). In the SFC group the Ba2+-sensitive current is an inwardly-activating conductance, 

which reverses at a potential indicative of a K+-selective channel (~-77 mV ≈ EK, Table 10). At 

potentials hyperpolarised to EK (Vm<-80 mV), the conductance becomes strongly voltage activated. In 

the outward direction, the effect of Ba2+ is variable on this cell group, as evidenced by the larger error 

in this region. The reversal potential and I-V relationship of this Ba2+-sensitive current in short isolated 

fibre cells strongly indicates the inhibition of an inwardly-rectifying K+ channel of a type similar to that 

reported in the lens epithelium in many species (Rae et al., 1988). A similar difference between SFC 

and MFC/LFC was observed for TEA-sensitive currents (Figure 51). The TEA-sensitive current 

present in short fibre cells was strongly outwardly-rectifying, of relatively large magnitude, reversed 

near EK, and activated at depolarised membrane potentials. The shape of the averaged difference 

current and the magnitude of the reversal potential is compounded by the presence of the non TEA-

sensitive cells within the dataset, but the presence of an outwardly-rectifying, epithelioid K+ 

conductance is distinguishable on the basis of I-V shape and reversal potential (Rae et al., 1988).  

In contrast with the epithelioid K+ conductances in short cells, Ba2+- and TEA-sensitive currents 

were relatively tiny in longer fibre cells. Both difference currents exhibited a relatively linear I-V 

relationship and a positive reversal potential (Figure 50 & Figure 51). The positive average reversal 

potential and linearity of these difference currents suggests that in these longer cells the relatively 

minor effects of Ba2+ and TEA on whole cell current is mediated via interaction with a non-selective 

cation permeability pathway which is distinct from the K+-selective pathways observed in shorter fibre 

cells. This possibility is supported by previous experiments conducted in wholes lenses (Jacob and 

Duncan, 1983; Rae et al., 1992). In these experiments a non-selective leak conductance induced in 

whole lenses by the removal of Ca2+ was partially attenuated by the addition of Ba2+. Although there is 

no documented interaction thus far of TEA with non-selective conductances in the lens, the 

appearance of this linear, positive, low-magnitude difference current also implies a low-level inhibition 

of some non-selective pathway by TEA in longer cells, which is clearly distinct from its action in 

inhibiting an outwardly-rectifying K+ conductance in shorter fibre cells. 
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Figure 50 - Ba2+-sensitive currents in isolated fibre cells of varying lengths, normalised to Cm. SFC <150 μm, 
MFC 150>x>300 μm, LFC >300 μm. Note the strongly negative reversal potential and inwardly-activating nature of 
the SFC difference current, compared to the linear, positively-reversing average difference current in the longer cell 
groups. 
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Figure 51 – TEA-sensitive currents in isolated fibre cells of varying lengths, normalised to Cm. SFC <150 μm, 
MFC 150>x>300 μm, LFC >300 μm. Note the higher density of the outward current blocked by TEA in the SFC 
group than in the longer groups, the negative reversal potential of this difference current, and the large variability (y-
axis error bars, ± SEM) in the magnitude of TEA-sensitive current density in these cells. 
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From this analysis of pooled different currents, it appears that both inwardly and outwardly-

rectifying K+ channels significantly contribute to the whole cell currents recorded from short fibre 

cells, but not in longer cells. Since longer cells are derived from the elongation of shorter cells that 

contained K+ channels, this raises the question of what happens to these channels during the process 

of fibre cell differentiation. Are the K+ channels inactivated/degraded in longer fibre cells, or are they 

still present but become diluted/overwhelmed by other conductances that are activated during the 

course of fibre cell differentiation? Results obtained from a subset of long fibre cells indicate that the 

latter may be occurring. The cell depicted in Figure 52 is from the LFC group (~475 μm), but showed 

some response to the addition of Ba2+ and TEA. In this cell the outwardly-rectifying conductance 

observed at baseline was slightly reduced in magnitude by the addition of TEA (Figure 52B), while the 

subsequent addition of Ba2+ produced a minor inhibition of the inwardly-activating conductance in 

this cell (Figure 52C). Both inhibitors produced small depolarisations in reversal potential (Figure 52F), 

indicating that the effects of Ba2+ and TEA are via inhibition of a K+ conductance(s). If Ba2+ and TEA 

were blocking a non-selective cation conductance as seen in the pooled analysis (Figure 50 & Figure 

51), a hyperpolarisation of the reversal potential would be expected. Thus it appears that a K+ 

conductance is present in this longer cell, but it is masked by the presence of other more dominant 

conductances. To test this proposal, Ba2+ and TEA were removed from the bath and replaced by a 

solution in which extracellular Na+ was replaced with the impermeant cation NMDG (Figure 52D). 

This ionic replacement produced a reduction in the linear leak component of the whole cell current, 

and a hyperpolarisation of the reversal potential towards EK (Figure 52F). Thus it appears that K+ 

channels can persist in longer cells, but are often difficult to detect against a background of more 

dominant conductances. 

Thus the pharmacological characterisation of K+ channels in isolated fibre cells has revealed that 

short isolated fibre cells contain K+-selective currents, which are reminiscent of those reported in the 

lens epithelium by numerous investigators (reviewed in Rae et al., 1988). As seen in epithelial cells, 

outwardly and inwardly rectifying K+ channels in short fibre cells appear to exist in parallel with each 

other, but neither are present to the same extent in all cells. While the whole-cell currents of many 

short fibre cells tended to be K+ dominated, whole cell current reversal potential in other cells of 

similar length tended to be depolarised relative to EK, indicating the presence of additional 

conductances active in these cells. Although the specific example detailed in Figure 52 demonstrates 

that some fraction of these remnant K+ conductances may persist in certain individual longer fibre 

cells, when normalised to cell capacitance these inhibitor-sensitive conductances are revealed to be 

present at a much lower density per unit membrane area. 
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Figure 52 – Longer isolated fibre cells are less responsive to K+ channel inhibitors. A - Whole-cell currents 
recorded in AAH + 1 mM Gd3+. B – Whole-cell currents recorded from the same cell in the presence of 5 mM TEA. 
C – Whole-cell currents recorded from the same cell + 5 mM Ba2+. D – Whole-cell current when extracellular Na+ 
was replaced with NMDG. Note the minimal overall change in whole-cell current morphology. E – The long 
isolated fibre cell presented here under whole-cell voltage clamp (length 475 μm, scale bar 50 μm). F – Whole-cell 
I-V relationships for the cell in A-D. Note the outwardly-rectifying conductance dominant under control conditions 
(A, ●), outward current decrease in the presence of TEA (B, ○), inhibition of a minor inward current component by 
Ba2+ (C, Δ), and the hyperpolarisation and persistence of the dominant outwardly-rectifying current component in 
the presence of extracellular NMDG (D, ▲) 

 

Longer isolated fibre cells contain an outwardly rectifying conductance that is generally not 

affected by K+ inhibitors. However, the persistence of an apparently epithelioid K+ current 

components was occasionally observed in more elongated cells (as in Figure 52), consistent with the 

retention of a population of K+ channels formed as epithelial or short fibre cells. Progressive 

elongation of the cell, and addition of additional membrane conductances during differentiation 

(Figure 35) results in a reduced dominance of K+ conductances in controlling cell membrane 

properties, and an increasing contribution of the characteristic outwardly-rectifying conductance seen 

in longer fibre cells which does not appear to be a K+ conductance. This conductance persisted in the 

presence of extracellular NMDG, and was insensitive to the addition of TEA or Ba2+. These 

observations indicated the presence of a dominant anion-selective conductance in these more 

elongated cells, the characterisation of which will now be described. 
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7.2 Characterisation of anion channels in isolated fibre cells 

The role of anion channels in lens physiology is perhaps one of the more under-reported topics 

in the lens research field. A handful of key studies showed early on that the distribution of chloride in 

the various lenticular compartments was seemingly passive, and followed the predominating gradients 

of Na+ and K+ in order to maintain electroneutrality (Duncan and Croghan, 1969; Paterson and Eck, 

1971; Kinsey and Hightower, 1976; Bassnett et al., 1988). The mechanistic basis of this redistribution 

of anions was not elucidated, although the constitutive operation of anion/bicarbonate transporters 

was excluded (Bassnett et al., 1988). Anion replacement experiments with isolated intact lenses 

demonstrated the partial dependence of whole-lens resting membrane potential on internally-located 

conductance pathways, which suggests the presence of active anion-selective conductances within the 

intact lens under resting conditions (Mathias et al., 1985). Later impedance analysis and ionic 

manipulations localised the majority of resting anion conductance in the intact lens to the fibre cells 

(Baldo and Mathias, 1992). More recently, it has been shown that exposure of lenses cultured under 

isotonic conditions to anion channel inhibitors causes swelling, an increase in wet mass, and distinct 

zones of cell damage in the lens cortex (Tunstall et al., 1999; Young et al., 2000; Merriman-Smith et al., 

2002). These observation not only suggest that anion channels are constitutively active in the lens, but 

also that they contribute to the steady state maintenance of lens volume. 

 To date, however, no definitive study has probed the function of anion channels at the cellular 

level. The single report detailing swelling-provoked anion channel activity in very short differentiating 

lens fibres (Zhang and Jacob, 1996) mentions, but does not show, the presence of volume-sensitive 

anion channels in volume-challenged bovine epithelia. Other than this single mention, 

electrophysiological evidence of anion channels in lens epithelia has not been described in the 

literature, and it would be surprising if it has gone unlooked-for. Thus it seems unlikely that epithelial 

cells contain a significant constitutively-active anion conductance (Mathias et al., 1997). A single study 

in which the patch clamp technique was applied to vesicles derived from fibre cells found a large 

presence (>14/patch) of volume-activated anion channels. These same authors proceeded to publish 

additional data from very short differentiating fibre cells which confirmed the volume dependence and 

anion selectivity of these conductances (Ye and Zadunaisky, 1992b; Zhang and Jacob, 1996). However 

the calculated lengths of the cells make them part of the very peripheral cell layers within the intact 

bovine lens‡‡ (Zhang and Jacob, 1996).  

                                                 
‡‡ The mean capacitance reported was 14.0±6.4 pF (n = 5, range 3.0- 41.5 pF). Using the regression-
fitted function from Figure 31 (length=Cm/0.279), this would give an average length ≈ 50 μm, range 
10 - 148 μm. (Note that cells of “length” ≈ 10 μm would be epithelial cells). 
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In the present study, the analysis of baseline membrane properties suggests that an anion 

conductance is a major contributor to the whole cell currents recorded in isolated fibre cells of a range 

of lengths (Figure 46). To further characterise the channel type responsible for this anion conductance, 

a pharmacological approach was initially adopted but as detailed below proved somewhat problematic. 

This prompted the adoption of an alternative characterisation strategy based on direct determination 

of the anionic selectivity of this conductance. 

7.2.1 Pharmacological characterisation of anion conductances 
The characterisation of the anion conductances in isolated fibre cells was initially attempted by 

use of a subset of the inhibitor compounds that had previously been shown to cause alterations in wet 

weight and cellular morphology in organ cultured lenses (Zhang and Jacob, 1996; Tunstall et al., 1999; 

Young et al., 2000; Merriman-Smith et al., 2002). Pharmacologically relevant concentrations of the 

broad-spectrum anion channel inhibitors NPPB and DIDS were added to the bath solution to inhibit 

putative anion conductances, in a similar manner to that described for K+ channel inhibitors in the 

preceding section.  

Unfortunately this experimental strategy was not very successful. Only 3 out of 8 isolated fibre 

cells (37.5%) displayed any significant response to DIDS addition, while none of the 7 cells tested 

showed any effect of NPPB exposure. The intermittent response to DIDS and the lack of response to 

NPPB appeared to be due to a Gd3+-induced precipitation of the inhibitors (see Appendix 1). The 

precipitation of these compounds leads to a significant reduction in the concentration of inhibitor 

remaining in solution, which may explain both the inconsistency of the DIDS responses and the lack 

of effect of NPPB, both of which have been shown to alter lens hydration under isotonic incubation 

(Tunstall et al., 1999; Young et al., 2000; Merriman-Smith et al., 2002).  

In the 3 cells whose whole-cell currents displayed DIDS sensitivity (as in Figure 53), membrane 

resistance was increased ~5-fold (522.6 ± 98.3 %), and whole-cell current reversal potential was 

depolarised by 38.0 ± 6.3 mV by the addition of 100 μM DIDS. Furthermore, as in the cell shown in 

Figure 53, the peak outward current at +100 mV was significantly reduced (87.3 ± 7.5%) by DIDS. 

Thus while compounds such as DIDS could in principle be used to characterise anion channels in 

isolated fibre cells, Gd3+-induced precipitation of the agents made characterisation of anion channels in 

fibre cells by a pharmacological approach inefficient. Pharmacological inhibitors of anion channels can 

also be relatively non-specific, exhibiting a high degree of cross-reactivity with other anion transport 

systems (Culliford et al., 2003). Given their relative insolubility in Gd3+-containing solutions, coupled 

with their potential non-specificity, an additional characterisation strategy was adopted based on direct 

measurement of ionic permeabilities. 
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Figure 53 – The effect of DIDS inhibition on outwardly-rectifying anion conductance in isolated fibre cells.    
A – Whole-cell current in AAH + 1 mM Gd3+. B – Whole-cell current on addition of 100 μM DIDS made up in 
AAH + 1 mM Gd3+. C – Time-course of the DIDS effect (bar) on whole-cell current elicited by repetitive voltage 
ramps ±100 mV. Note also that DIDS inhibition was generally non-reversible. 

7.2.2 Ion selectivity characterisation of anion conductances 
Since the use of anion channel inhibitors proved problematic in the presence of Gd3+ (see 

Appendix 1), ion replacement experiments were performed to characterise the anion conductance in 

isolated fibre cells. The permeation of ions through the selectivity filter of individual ion channels is 

governed by the biophysical parameters associated with ion desolvation and binding kinetics during 

permeation through the hydrophilic pore (see Appendix 2). The relative permeability of a given 

channel for a range of ionic species is thus highly characteristic of individual channel isoforms, and is 

an important discriminator between channel types in the absence of isoform-specific inhibitors (Hille, 

2001). While Cl- is the most prevalent and important ionic substrate for anion channels within most 

physiological systems, a range of other anionic species are generally permeable through most anion 

channels. The entire ionic selectivity profile of the various classes of anion channels can be accurately 

extrapolated from a mere handful of test anions substituted into the predominantly Cl--containing 

extracellular medium (Jentsch et al., 2002). Such an approach is usually sufficient to distinguish 

between the different classes of anion channels which underlie a diverse range of cellular processes, 

although the molecular basis of the classes of anion conductance recognised in many physiological 

systems remain unknown - largely due to the lack of specific inhibitors which would aid in their 

separate delineation (Jentsch, 1994; Okada and Maeno, 2001; Jentsch et al., 2002). 

Initial experiments involved the equimolar replacement of extracellular Cl- with the channel-

impermeant anion, gluconate. Gluconate replacement resulted in the acute reduction of an outwardly-

rectifying conductance in whole-cell currents recorded from the majority of isolated fibre cells from all 

length groups (Figure 54). While this apparently anion-permeable conductance appeared ubiquitously 

present, the magnitude of whole-cell current alteration on gluconate replacement was somewhat 

variable between cells. Again very short fibre cells appeared to display the most variation in their 

response to the removal of extracellular Cl- (Figure 54A-D). Short fibre cells containing large 

outwardly-activating conductance components displayed large reductions in outward current upon 
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removal of extracellular Cl- (Figure 54A,B), while other short fibre cells of similar length displayed only 

modest alterations in whole-cell currents upon removal of Cl- from the bathing medium (Figure 

54C,D). In contrast, longer fibre cells consistently responded to the substitution of Cl- for gluconate 

with a large inhibition of outwardly rectifying current (Figure 54E-H). While these results indicate that 

Cl- permeable channel pathways contribute to whole cell currents in isolated fibre cells from all length 

groups, the replacement of Cl- for gluconate reveals no information regarding the underlying channel 

pathway.  
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Figure 54 – Alterations in whole-cell current in isolated fibre cells on removal of extracellular Cl-. A – SFC, 23 
μm long, in extracellular Cl-. B – The same cell, in extracellular gluconate. Note large reduction in outward current.       
C – SFC, 25 μm long, in extracellular Cl-. D – The same cell, in extracellular gluconate. Note the smaller reduction 
in outward current compared to the cell in B. E – MFC, 165 μm long, in extracellular Cl-. F – The same cell, in 
extracellular gluconate. Note the reduction in outward current. G - LFC, 475 μm long, in extracellular Cl-. H – The 
same cell, in extracellular gluconate. Note the reduction in outward current. 

Whole-cell currents were then determined for isolated fibre cells in the presence of a sequential 

range of foreign anions. The effects of extracellular anion replacement on whole-cell current and other 

membrane parameters were quantified in cells spanning a wide range of lengths (n=33, lengths 23-475 

μm) and the results pooled for analysis. Cells which were initially dominated by the fibre-cell-

characteristic outwardly-rectifying anion conductance were most affected by such manipulations, 

displaying significant alterations both to whole-cell current magnitude and reversal potential. While 

there was significant variability in the magnitude of current alteration caused by ion replacement 

among this population of isolated fibre cells, the majority of cells examined displayed current 

alterations similar to those presented in Figure 55. In this representative cell from the middle of the 

length range, sequential exposure to extracellular Cl-, NO3
-, I- and gluconate significantly altered whole-

cell current and induced shifts in reversal potential. Exposure to NO3
- and I- triggered a graded 

increase in outward current relative to Cl- (Figure 55 B, C), while gluconate replacement reduced 

outward current to very low levels (Figure 55D).  
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Figure 55 - The effect of anion replacement on whole-cell current in fibre cells. A – Representative whole-cell 
current in AAH + 1 mM Gd3+. B – Whole-cell current in the same cell in equimolar nitrate (NO3

-). C – Extracellular 
Cl- replaced by equimolar iodide (I-). D – Extracellular Cl- replaced by equimolar gluconate. F – Whole-cell I-V 
relationships for the cell in A-D. Note the increase in outward current when extracellular NO3

- (●) or I- (○) are 
substituted for Cl- (Δ), and the drastic decrease on replacement with extracellular gluconate (▲). Inset - The cell 
being presented under whole-cell patch-clamp. Cell length 275 μm. 
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Inspection of the pooled current-voltage responses for all isolated fibre cells tested (Figure 56A) 

shows that the relative current magnitudes and reversal potential alterations are preserved in fibre cells 

of a range of lengths. To explore the variability in the anion replacement responses between fibre cells 

of different lengths, data from the length groups previously created (SFC/MFC/LFC) were binned 

and whole-cell currents pooled for analysis (Figure 56B-D). From this subdivision, it appears that the 

response of the shortest fibre cell group to the replacement of extracellular chloride with gluconate 

differs from the longer length groups. The whole-cell current reversal potential in shorter cells is 

hyperpolarised by extracellular Cl- removal, moving negatively towards EK, while reversal potentials are 

depolarised in longer cells following gluconate replacement. Thus, the variability in the magnitude of 

whole-cell current alteration on replacement of extracellular Cl- observed in short fibre cells likely 

reflects a variability in the size of the active anion channel population in these short cells. In light of 

the earlier demonstration of epithelioid K+ conductances in short fibre cells, it seems likely that the 

reduction in permeant anion concentration on gluconate replacement leads to the dominance of these 

K+ conductances in setting the whole-cell current reversal potential.  

In longer cells, removal of extracellular Cl- leads to almost complete depolarisation of the whole-

cell current reversal potential. This observation suggests that the membrane properties of these longer 

cells are increasingly dominated by the influence of the anion conductance discussed in this section. 

While the epithelioid conductances dominating in shorter cells may or may not remain present to a 

small degree in these longer cells, it is apparent that their influence on fibre cell membrane properties 

falls with differentiation in terms of fractional conductance. Thus the negative reversal potential of the 

characteristic outwardly-rectifying fibre cell whole-cell current is set by the activity of an anion 

conductance whose influence on fibre cell membrane properties appears to increase as cells 

differentiate. 
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Figure 56 – The effect of equimolar extracellular anion replacement on the current-voltage relationships of 
isolated fibre cells (● – Cl-, ■ – I-, □ – NO3

-, ● – Gluconate). A - Pooled data, all cells, mean ± SEM. B – SFC 
(<150 μm). C - MFC (150<x<300 μm). D - LFC (>300 μm). (B-D shown lacking y-error bars for clarity). 
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By pooling reversal potential changes from many cells (Erev, Table 11, Figure 57A, B), the 

permeabilities of the various test anions relative to Cl- can be quantified (PX/PCl, Table 11). Whole-cell 

current reversal potential (Erev) in extracellular chloride is hyperpolarised by the addition of both iodide 

and nitrate, with the alteration due to nitrate addition exceeding that in iodide (Figure 57A, B). This 

hyperpolarisation indicates an enhanced permeability of these anions through anion conductances in 

isolated lens fibre cells. In contrast, gluconate exposure causes an acute depolarisation in reversal 

potential, which in combination with the reduced whole-cell current magnitude indicates a reduced 

permeability relative to Cl-. Thus cellular reversal potential shifts in the various test ions indicate that 

the anion conductances in isolated fibre cells have a permeability sequence of NO3
->I->Cl-

>>gluconate. This sequence is characteristic of the lyotropic class of anion channels, which include 

beside others the ubiquitous VSOAC channel as well as the calcium-activated chloride channel families 

and the bestrophins (Jentsch et al., 2002).  

The inclusion of volume- and calcium-sensitive anion channel types in the list of potential 

mediators of this conductance is intriguing, in that these potential modulatory influences (cell volume 

and [Ca2+] respectively) have not been explicitly measured in the current study. While the patch pipette 

should clamp intracellular Ca2+ relatively constant in the whole-cell mode, it remains uncertain what 

effect initial [Ca2+]i or possible Ca2+ fluctuations within intracellular microdomains may have on 

channel function in elongated fibre cells. A proportion of the variability in the observed anion 

conductance magnitude and kinetics may be attributable to these additional influences, which could 

thus exacerbate variability in basal activity of these conductances in isolated cells. 
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Figure 57 – The effect of extracellular anion replacement on the membrane properties of isolated fibre cells. 
A – Whole-cell current reversal potentials (Erev) measured in various isotonic extracellular anion solutions.  
B – Change in whole-cell current reversal potential (ΔErev) on extracellular anion replacement (relative to Cl-). 
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To test whether the observed anion conductance in isolated fibre cells is a physiological feature 

of the lens or an artifact of dissociation, whole lenses were exposed to anion replacement 

manipulations under microelectrode analysis (Figure 11C). The intracellular potential of intact lenses 

was found to be modulated by extracellular anion replacement in a substantially similar fashion to that 

in isolated cells (Vlens, Table 11). Both NO3
- and I- addition caused a hyperpolarisation of whole-lens 

Vm while replacement with gluconate caused a depolarisation (Figure 58A).  

Table 11 – The ionic selectivity of anion conductances in intact lenses probed by anion replacement. 

Anion Mean ± S.E.M. 
n Cl- I- NO3- Gluconate 

ERev (mV) 
-20.28 ± 3.30 

33 
-34.76 ± 4.94 

25 
-40.00 ± 6.50 

13 
-9.54 ± 4.70 

9 
ΔERev (mV)  - -16.58 ± 4.39 -23.07 ± 4.09 11.89 ± 9.26 

Isolated 
fibre cells 

PX/PCl 1.00 1.99 2.59 0.58 

Vlens (mV) 
-60.36 ±3.26 

11 
-67.13 ± 2.96 

7 
-77.04 ± 3.89 

5 
-57.12 ± 4.42 

10 
ΔVlens - -7.21 ± 7.31 -8.24 ± 0.86 7.044 ± 9.54 

Intact 
lenses 

PX/PCl 1.00 1.35 1.41 0.72 
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Figure 58 - The effect of extralenticular anion replacement on lens intracellular potential. A – Whole lens 
voltage recording during sequential anion replacement. Note the exponential time-course and reproducibility of the 
responses. Small artefacts are noted during onset and offset of bath perfusion. B – Whole-lens potentials recorded 
during anion replacement(Mean ± S.E.M.) 

 Such a modulation of lens resting voltage by extracellular chloride removal has been previously 

reported in whole lenses (Duncan and Croghan, 1969; Bassnett et al., 1988; Baldo and Mathias, 1992), 

but this study is the first to demonstrate a lyotropic anion selectivity series in support of a specific class 

of channel-mediated pathway. While previous studies have hinted that the fibre cells may contribute an 

anion permeability which influences whole lens membrane potential, this study has directly 

demonstrated that the lyotropic anion pathway active under isotonic conditions in the whole lens is in 

fact very similar to the outwardly-rectifying anion channel that increasingly dominates the membrane 

properties of differentiating fibre cells as they elongate. From the recorded shifts in Vlens, under 

isotonic conditions (Figure 58), it was thus concluded that the fibre cells within the intact lens possess 

a constitutively-active anion channel pathway which displays similar anion selectivity characteristics to 
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that observed in isolated fibre cells (PX/PCl, Table 11). This conductance is apparently lacking from the 

lens epithelium and appears to have a much reduced influence on the membrane behaviour of shorter, 

more epithelioid fibre cells, which are dominated by K+ conductance(s) at rest. Since this anion 

conductance is apparently restricted in the lens to somewhat elongated differentiating fibre cells, 

detection of corresponding influence of anions in controlling whole-lens voltage argues strongly for a 

contribution from the fibre cells to lens behaviour at rest.  

Calculation of a relative permeability from the Goldman-Hodgkin-Katz (GHK) equation 

requires the assumption of a constant and relatively low Pcation:Panion permeability ratio (Qu and Hartzell, 

2000; Hille, 2001). If the background activity of cation conductances alters during the course of 

experimentation, or if cation permeability is initially large with respect to anion permeability, the 

assumption that cation permeability is independent of anion permeability would be in error. No 

correction of these calculated permeability ratios has been attempted, since cation permeability was not 

assessed concurrently with anion replacement, and relative permeabilities to the various anions should 

thus be read as approximate. Since the potential of the whole lens depends on the relative permeability 

of all ionic species in all cells due to gap junctional coupling, the influence of anion permeability on 

whole lens behaviour is less dominant than that seen in longer isolated fibre cells. Coupling to the 

electrogenic epithelium thus tempers the influence of the fibre-cell-specific anion conductance in 

setting whole-lens potential. The salient finding remains, however, that not only are the isolated fibre 

cells increasingly dominated by lyotropic anion conductances with increasing cell length (Figure 56), 

the membrane potential of the intact lens under isotonic conditions is itself influenced by the activity 

of anion channels, whose selectivity appears very similar to that recorded in isolated fibre cells (Table 

11). 
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7.3 Characterisation of Na+-permeable conductances in isolated fibre cells 

Thus far, this study has directly demonstrated differentiation-dependant alterations in the 

activity of K+ channels in isolated fibre cells and an apparent upregulation of a lyotropic anion 

conductance as cells elongate. These shifts in ionic permeability are predicted by the lens internal 

circulation model (Mathias, 1985; Mathias et al., 1997), and inferred from macroscopic permeability 

estimates via impedance analysis (Baldo and Mathias, 1992). In addition, a radial gradient in Na+ 

permeability is predicted - even required – to produce the circulating flux of anions and fluid which is 

hypothesised to mediate the lens internal circulation (Mathias et al., 1997). Biophysical modelling 

suggests that a low-density Na+ leak in inner fibre cells is needed in parallel with anion flux to generate 

the lens internal circulation system, and to maintain electroneutrality (Mathias and Rae, 1985b). While 

the permeability of individual fibre cells to Na+ is expected to be low, the contribution of this 

conductance to the overall electrical properties of the lens will be relatively high due to the large 

number of fibre cells present. 

Early studies suggested that this Na+ permeability was potentially mediated by non-selective 

cation channels (NSC), which have been found ubiquitously in all lenses studied (Rae et al., 1988). 

Some NSC channels can be gated open by changing membrane tension, thus NSC channel are often 

termed “mechanosensitive”, for their mechanically sensitive gating (Hamill and McBride, 1995). 

Lowering lens bathing calcium also induces the opening of NSC channels (Duncan and Jacob, 1984), 

causing lenticular Na+ accumulation and macroscopic depolarisation of lens potential (Jacob and 

Duncan, 1983). The potentiating effect of reduced calcium concentration can be partially offset by the 

presence of various other divalent cations (Rae et al., 1992), which can substitute somewhat for 

external Ca2+ in gating these channels closed. 

Jacob and co-workers (1985) found and characterised the single-channel properties of a 25 pS 

non-selective cation channel in the apical (fibre-facing) membrane of frog lens epithelium (Jacob et al., 

1985). This channel was selective for Na+>K+ by ~3:1 and its open probability was increased by 

removing Ca2+ from the bath. Channel activity was not abolished by tetrodotoxin, excluding TTX-

sensitive epithelial Na+ channels, but it was sensitive to 50 μM amiloride. The decrease in lens 

resistance recorded following exposure to oxidising agents such as diamide has also been shown to be 

sensitive to amiloride (Duncan et al., 1988), although this compound has consistently shown no effect 

on intact-lens transport in Ussing-type chamber studies (Candia and Zamudio, 2002). These functional 

results imply that NSC channels of the type described by Duncan and Jacob may have a minimal role 

in the intact, healthy lens but appear to be activated by pathological conditions such as low [Ca2+]o, 

oxidative stress or membrane stretch (Jacob and Duncan, 1981, 1983; Jacob et al., 1985). 
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Previous studies using isolated fibre cells reported membrane properties that were dominated by 

large linear leak conductances, indicating the activation of NSC channels in these cells, presumably by 

the dissociation process (Donaldson et al., 1994). In low calcium conditions, the large, slowly-

activating conductances observed in isolated fibre cells are reminiscent of lens connexin hemichannels 

(Eckert et al., 1998a; Eckert et al., 1998b). Connexin hemichannels when exogenously expressed form 

non-selective cation channels, which are activated in lowered calcium (Ebihara and Steiner, 1993) and 

have recently been shown to be mechanosensitive (Bao et al., 2004). The activation of non-selective 

channels is suspected to underlie the destructive calcium influx, which underlies fibre cell vesiculation 

both in vitro (see 3.3.1) and during cataractogenesis (Duncan, 1969a; Hightower and Reddy, 1982b, a; 

Duncan and Jacob, 1984; Duncan et al., 1989). While the molecular nature of this pathway(s) remains 

unknown, this present study has shown Gd3+ to be an effective inhibitor of NSC-induced vesiculation 

in isolated fibre cells. However, despite the presence of Gd3+, examination of the baseline membrane 

properties of isolated fibre cells of all lengths highlighted a cluster of cells that exhibited low 

conductivity in addition to a depolarised reversal potential (Figure 46). It was hypothesised that such 

cells contain a low level of constitutively-active non-selective cation conductance which is insensitive 

to Gd3+.  
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In some isolated fibre cells, whole-cell current behaviour at baseline appeared to be dominated 

by these apparently non-selective baseline conductance components, despite falling within an 

acceptable physiological conductance range (<Mathias). An example of such a cell is shown in Figure 

59. In this cell replacement of external Na+ ions with impermeant cation N-methyl-D glucamine 

(NMDG) unmasked the characteristic underlying outwardly-rectifying current morphology of such 

fibre cells by removing a leak component which appeared to be carried by Na+ (Figure 59A, B).  The 

reduction in leak current seen on exposure to NMDG was rapid in onset, reversible, and correlated to 

the dilution of extracellular Na+ (Figure 59C, D).  
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Figure 59 – Removal of a Na+ leak by NMDG replacement in an isolated fibre cell. A – A relatively linear 
whole-cell current from a representative fibre cell (length 34 μm), which exhibited a linear I-V relationship and 
depolarised reversal potential, despite being of physiological conductivity (ρs<Mathias). B – Whole-cell current in 
the same cell following extracellular Na+ replacement with NMDG. C – Alteration in current at ± 100mV caused by 
NMDG replacement (bar) in the same cell (○ I-100 mV, ● I+100 mV, normalised to beginning of trace). D – Washout of 
NMDG (bar) in the same cell– note the return of inward leak current on re-addition of external Na+ (○ I-100 mV, ● 
I+100 mV, normalised to beginning of the trace).  
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In other cells, the concomitant presence of a cation (Na+) leak in addition to the characteristic 

fibre cell anion conductance depolarised the whole-cell current reversal potential and altered the 

overall current-voltage relationship (Figure 60). In such cells, both the reversal potential and 

magnitude of the outwardly-rectifying conductance could be seen to vary on anionic manipulation, 

confirming the presence of an active anion conductance (Figure 60B,D). However the removal of 

extracellular Na+ resulted in profound hyperpolarisation of Erev and removed a leak component from 

the whole-cell current (Figure 60E,F).  
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Figure 60 – Parallel ionic conductances compound I-V responses. A – Whole-cell current in AAH + 1 mM Gd3+. 
B – Whole-cell current in the same cell when extracellular Cl- is replaced by equimolar nitrate (NO3

-). C – Whole-
cell current where extracellular Cl- is replaced with equimolar iodide (I-). D – Whole-cell current when extracellular 
Cl- is replaced by equimolar gluconate. E – Whole-cell current when extracellular Na+ is replaced by equimolar 
NMDG. F – Whole-cell I-V relationships for the cell in A-E. Note the increase in outward current when extracellular 
NO3

- (●) or I- (○) are substituted for Cl- (Δ), the reduction in (but not complete removal of) outward current on 
gluconate substitution (▲), and the hyperpolarisation and leak current removal induced by replacement of Na+ with 
NMDG (X). Cell length 165 μm (MFC). 

The magnitude of this pre-existing cation leak varied widely between individual cells, despite 

their viability and physiological membrane conductance. It thus appears that fibre cells can exist in a 

stable state with a low-level activation of some non-selective channel pathway even in the presence of 

Gd3+. Most elongated isolated fibre cells display a whole-cell current reversal potential which is 

depolarised with respect to both EK and ECl
 (Figure 46), which suggests the presence of a finitely Na+-

permeable leak pathway with a variable level of activation in different individual cells. The graded 

decrement in Erev, but not complete depolarisation, commonly seen in longer cells suggests that low-

level activity of Na+-permeable pathways in longer fibre cells may be a common characteristic. 
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While the majority of fibre cells isolated in the presence of 1 mM Gd3+ retained their 

characteristic membrane properties under whole-cell patch clamp, a subset of cells were seen to 

undergo the unexpected “activation” of an additional leak conductance, despite the ongoing presence 

of Gd3+. In these cells, replacement of extracellular Na+ with NMDG resulted in an increase in 

membrane resistance of 93.0 ± 25.6% (n=22, Figure 61A). This improvement was due to the 

reduction in extracellular concentration of Na+, resulting in a decrease in membrane specific 

conductivity of 32.18 ± 12.2%. Reduced Na+ permeation was also reflected in the shift in whole-cell 

current reversal potential, which hyperpolarised by -25.3 ± 3.8 mV (range -5.9 to -47.0 mV). NMDG 

replacement also altered whole-cell current magnitude and morphology (Figure 61) - reducing inward 

current at -100 mV by 60.1 ±6.8%, while outward remained largely unaffected (↑6.3 ± 12.1%). This 

alteration in current magnitudes reduced the linearity of the overall current, increasing the rectification 

ratio (ξ) by 4.32 - thus unmasking the characteristic outwardly-rectifying current morphology of 

isolated fibre cells (Figure 59B).  

The “difference” currents, obtained by subtracting the I-V relationships of a subset of fibre cells 

(n=11) pre- and post NMDG replacement showed a positive reversal potential, indicating a 

predominant Na+ permeability (Figure 61B). This Na+ leak current was linear in the inward direction 

and highly variable between cells in the outward direction. Due to its activation in the presence of 

Gd3+, it was hypothesised that this conductance was mediated by a novel Gd3+-insensitive non-

selective cation channel.  
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Figure 61 - The effect of NMDG replacement on activated isolated fibre cells A – The effect of NMDG 
replacement (Mean ± SEM) on various membrane properties. B - Average difference currents (n=11) on NMDG 
replacement in fibre cells positive for baseline Na+ leak – note the positive reversal potential. 
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Figure 62 – Fibre cell activation in the presence of Gd3+ by prolonged gluconate exposure. A – Long fibre cell 
(280 μm), in isotonic AAH + 1mM Gd3+. B – The same cell following treatment with isotonic Gluconate AAH. 
Note the evident crumpling of the cell membrane (scale bar 50 μm). C – Time-course of current linearisation on 
exposure to gluconate. Currents extracted from repetitive ramp stimuli - (■) I+100 mV (□) I-100 mV, normalised to 
beginning of trace. D – Whole-cell currents recorded in isotonic AAH (A). E – Whole-cell current in isotonic 
gluconate (B). Note the Ohmic behaviour of the cell membrane following gluconate exposure.  

In 22 cells where leak currents appeared during experimentation, 11 became spontaneously 

activated during recording, while in the remaining 11 cells the leak current was evoked by prolonged 

exposure to extracellular gluconate. An example of such a cell is shown in Figure 62. In this cell, 

isosmotic cell shrinkage caused by prolonged gluconate exposure is evident by alterations in cell 

morphology, with loss of turgidity and membrane crumpling observed under DIC (Figure 62B). A 

time-course of whole-cell current alterations following replacement of extracellular Cl- with gluconate 

shows an initial decrease in membrane current followed by an increase in both inward and outward 

current (Figure 62C). The early current reduction indicates the reduced permeability of gluconate via 

the fibre cell anion conductance (Figure 55), while the secondary increase in whole-cell current is 

associated with a linearisation of the whole-cell current, indicating activation of a leak conductance 

(Figure 62E). 
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A previously noted, acute (2-4 min) replacement of extracellular Cl- with gluconate caused an 

average increase in membrane resistance at the holding potential (n=14, Table 12) and a depolarising 

shift in reversal potential, consistent with reduction of the fibre-cell anion conductance (Figure 57). 

Continued exposure to gluconate often (11/14 = 78.5%) produced a more profound delayed 

depolarisation, which completely depolarised the whole-cell current reversal potential. This 

depolarisation was associated with a large reduction in membrane resistance (Table 12), due to a 

dramatic increase in current density and a linearisation of the whole-cell current-voltage relationship 

(Figure 63). Prolonged (>5 min) gluconate exposure greatly reduced membrane resistance (to ~40% of 

control values, down from a ~275% increase acutely) and induced further, definitive depolarisation in 

whole-cell current reversal potential (Table 12). These observations imply a loss of membrane 

selectivity through an increase in Na+ leak, and are consistent with the induction of additional non-

selective permeation pathways in the cell membrane.  

Table 12 – The effect of prolonged gluconate exposure on the membrane properties of isolated fibre cells.  

Gluconate vs. control Mean ± 
S.E.M. 

n 
Control 

Acute Prolonged 

ΔRm (%) - 
274.08 ± 5.57 

14 
39.17 ± 0.72 

11 
Erev -20.28 ± 3.30 -9.54 ± 4.70 7.83 ± 5.43 
ΔErev - 11.89 ± 9.26 23.71 ± 6.68 
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Figure 63 – Activation of a linear conductance by prolonged gluconate exposure. A - Pooled current-voltage 
relationships of isolated fibre cells recorded during exposure to extracellular gluconate. ● – Control (n=14),             
● - acute gluconate exposure (2-4 min, n=14), ▲ - prolonged gluconate exposure (>5 min, n=11). B - The effect of 
gluconate exposure on whole-cell current reversal potential. 
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 The observation that additional non-selective leak conductances could be induced in isolated 

fibre cells in the presence of Gd3+ led to speculation that this additional conductance may represent a 

novel, Gd3+-insensitive channel. Several families of NSC channels have been discovered in other 

systems, some of which display differential responses to mechanical stimulation (Lang et al., 1998) as 

well as differing, if often overlapping, inhibitory pharmacological profiles (Hamill and McBride, 1996). 

Of the possible inhibitors of non-selective cation conductances, La3+ has previously been shown to 

delay vesiculation of fibre cells in the presence of Ca2+ (Bhatnagar et al., 1995).  

To investigate the presence of an additional non-selective cation pathway in activated fibre cells, 

La3+ was applied at 1 mM to a subpopulation of the activated cells described in the previous section 

(the remainder underwent vesiculation). The addition of La3+ resulted in an improvement in the 

membrane properties of 5 cells from 6 cells trialled, (83%). In an example cell, active linear leak 

current (Figure 64A) was reduced by the addition of La3+ and an outwardly-rectifying current 

morphology typical of isolated fibre cells was unmasked (Figure 64B). A timecourse of La3+ addition 

clearly shows the reduction in both outward and inward leak current (Figure 64C), which generally did 

not return upon washout of the compound. 

On average, the addition of La3+ to activated fibre cells increased Rm by 51.2 ±15.2%, reduced ρs 

by 25.5 ±7.2%, and hyperpolarised Erev by 12.9 ±7.6 mV (Figure 64D). The linearity of the activated 

current was also reduced (Figure 64B), reducing I-100 mV by 28.0 ±10.1% and leaving I+100 mV unaffected 

(-0.82 ±14.6%) and slightly increasing the rectification ratio by 0.81 (Figure 64D). The difference 

current, taken between I-V responses pre- and post-addition of La3+ displays a positive reversal 

potential, and appears linear in the inward direction while highly variable in the outward direction 

(Figure 64E). 

It has been shown in the previous chapters that blocking a non-selective cation pathway in 

isolated fibre cells with ionic Gd3+ is necessary to maintain their viability in vitro. Addition of Gd3+ to 

mechanically damaged intact lenses causes an improvement in membrane potential (Vm>-45 mV, see 

Figure 24), indicating that Gd3+-sensitive leak channels may contribute to the depolarised membrane 

potential of these lenses. To probe the activity of this novel La3+-sensitive leak channel within these 

damaged lenses, 1 mM La3+ was added in the absence of Gd3+. Under microelectrode analysis, addition 

of La3+ caused a small depolarisation in Vm, (ΔVm in 1 mM La3+ (Mean ± SEM) +1.59 ± 0.80 mV, 

n=5), in contrast to the hyperpolarisation seen on addition of Gd3+. The lack of improvement seen is 

thus a further indication that the Gd3+-sensitive NSC conductance which contributes to the 

depolarisation of mechanically-damaged lenses is probably distinct from the La3+-sensitive pathway 

discussed here. 
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Figure 64 - The effect of 1mM La3+ addition on activated isolated fibre cells. A – “Activated”, leaky whole-cell 
current from a representative fibre cell (length 353 μm), spontaneously activated during experimentation.                 
B – Whole-cell current in the same cell following the addition of 1 mM La3+, unmasking the characteristic 
outwardly-rectifying current morphology characteristic of these elongated cells. C – Alteration in current at ± 100 
mV caused by La3+ addition (purple bar) and washout (white bar) in the same cell (○ I-100 mV, ● I+100 mV, normalised 
to beginning of trace) - note the lack of leak current return on washout. D – The effect of La3+ addition (Mean ± 
SEM) on the various cell membrane parameters. E - Average difference current (n=6) on La3+ addition in activated 
fibre cells – note positive Erev and large scatter in the outward direction. 
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 Taken together, these data indicate that La3+ addition partially inhibits a linear non-selective 

cation conductance which can become activated in the presence of Gd3+ in isolated fibre cells. In these 

activated cells (Figure 65A), permeability of Na+ via this conductance pathway was demonstrated by 

NMDG replacement for extracellular Na+ (Figure 65B). To probe the selectivity of the channel to 

monovalent cations, replacement of extracellular Na+ by K+ was performed, and found to minimally 

influence whole-cell current responses observed in activated cells (n=2), although ionic leak was often 

exacerbated by such treatment (Figure 65C). Timely addition of La3+ in the presence of extracellular 

K+ reduced the additional leak component, returning the cell to its former hyperpolarised, outwardly-

rectifying current morphology (Figure 65D,F). 
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Figure 65 – The shrinkage-activated linear leak current is non-selective for cations. A - Whole-cell current in a 
gluconate-activated isolated fibre cell in AAH + 1 mM Gd3+. B – Whole-cell current in the same cell when 
extracellular Na+ was replaced by NMDG – note the removal of the linear leak component, and retention of the 
characteristic outwardly-rectifying anion conductance. C – Whole-cell current in the same cell on replacement of 
NMDG with equimolar K+ - note the exacerbation of linear leak current, and the Ohmic behaviour of the membrane 
under these conditions. D – Whole-cell current in the same cell in KCl-based AAH + 1 mM La3+ (in addition to 1 
mM Gd3+ present throughout). Note the inhibition of the linear leak current, and unmasking of the previously-
dominant, outwardly-rectifying anion conductance in this activated cell in extracellular K+ the presence of La3+. 

 

NMDG 
NaCl 

KCl
KCl + 1 mM La3+



- 142 - 

In summary, my results suggest that there exist at least two distinct non-selective cation channel 

pathways in isolated fibre cells which display differential inhibition by multivalent cations. It appears 

that at least one of these pathways mediates a variable Na+ permeability at rest in isolated fibre cells 

(Figure 59, Figure 60), as predicted by Mathias (Mathias et al., 1997). It also appears that these cation 

conductances can be differentially activated by changes in cell volume. From my data, it would appear 

that the mechanical stress of dissociation induces a Gd3+-sensitive cation conductance in isolated fibre 

cells (see 3.4) which must be inhibited to maintain these cells in a viable state. In contrast, there is also 

a La3+-sensitive, Gd3+-insensitive cation channel that can be potentiated by gluconate-induced cell 

shrinkage (Figure 63). Further support for the existence of separate NSC pathways can be gained by 

re-interpretation of the vesiculation studies conducted by Bhatnagar et al on fibre cells maintained 

under non-ionic conditions. In these studies, La3+ inhibited vesiculation of isolated fibre cells in the 

presence of Ca2+ under isotonic conditions (Bhatnagar et al., 1995), but was ineffective under 

hypotonic conditions (Wang et al., 1997). In light of the current study, an alternative explanation for 

these observations would be that the La3+-sensitive NSC pathway is separate from a Gd3+ and stretch-

sensitive NSC pathway which is insensitive to La3+, either of which can mediate destructive Ca2+ influx 

in isolated fibre cells.  

In a variety of cell systems, the activation of non-selective cation conductances is responsible in 

part for the rapid restoration of cell volume (RVI) following cell shrinkage (Lang et al., 1998; Lang et 

al., 2003; Wehner et al., 2003). In the whole lens, hypertonicity has been shown to depolarise lens 

intracellular potential (Rae, 1974b), a result consistent with the activation of NSC channels. 

Furthermore, rapid lenticular uptake of Na+ has been reported in the early phase of response to 

hypertonic challenge (Patterson, 1981). Thus the exacerbation of a La3+-sensitive NSC pathway seen in 

response to isotonic cell shrinkage in a subset of isolated fibre cells (Figure 62B) suggests a possible 

physiological role for non selective cation conductances in fibre cell volume regulation.  
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7.4  Discussion 

In this chapter I have shown that isolated differentiating fibre cells contain at least two separate 

K+ conductances, an apparently ubiquitous lyotropic anion conductance, and at least two 

pharmacologically distinct non-selective cation conductances. While the fractional contribution of 

these different ionic permeabilities to overall membrane conductance varied between individual cells, 

the overall ionic permeability of fibre cell membranes tends to alter as a function of fibre cell 

differentiation as predicted by Mathias (Mathias et al., 1997). These trends are evident on examination 

of fibre cell reversal potentials, where the shift in ionic permeabilities is highlighted in the clustering of 

cells near the reversal potential of the relevant ions (Figure 66).  
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Figure 66 –Diversity in whole cell current reversal potential indicates the variable dominance of multiple 
ionic permeabilities in isolated fibre cells. 

In physiologically-conductive isolated fibre cells (ρs<2.02 pS/μm2, Figure 46), it was previously 

noted that maximally-hyperpolarised reversal potentials in isolated fibre cells tend to decrease with cell 

length - reducing from -70 to -80 mV (≈EK) in short cells towards -50 mV (≈ECl) in longer cells. It is 

now apparent that short fibre cells of low conductance are the only cells which group near EK (Figure 

66), consistent with the dominance of epithelioid K+ permeabilities in controlling their membrane 

behaviour (see 7.1). In other short cells, the presence of parallel Cl- or Na+ conductances has the effect 

of shifting whole-cell current reversal potentials from EK towards ECl, ENa, or some intermediate value. 

The presence of these parallel conductances perhaps accounts for the observed variability in the 

membrane properties of these short cells under baseline conditions, highlighted in Chapter 6. 
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 In longer (>150 μm) isolated fibre cells, epithelioid K+ conductances appear to become buried 

beneath an outwardly-rectifying lyotropic anion channel, which increasingly influences membrane 

behaviour as cells elongate (Figure 56). In combination with the decrease in membrane resistance with 

length observed in isolated fibre cells (Figure 35), this observed transition from a dominant K+ to Cl- 

permeability may result from the activation of additional anion channels as part of fibre cell 

differentiation. The lyotropic selectivity sequence of these anion conductances observed in isolated 

cells (Figure 57) appears similar to that measured in intact lenses under isotonic conditions (Figure 58), 

suggesting that these conductances may have a physiological role within the lens under resting 

conditions.  

Differentiation-dependant alteration in membrane permeability is complicated in many isolated 

fibre cells by the presence of a variable low-level permeability to Na+ at baseline. Isolated fibre cells of 

all lengths appear to have the potential to activate at least two distinct Na+ permeable non-selective 

cation channel pathways. It has been shown in previous chapters that blocking a non-selective cation 

pathway in isolated fibre cells with Gd3+ is necessary to maintain their viability in vitro. A sub-

population of isolated fibre cells, which in the presence of Gd3+ display Erev values more depolarised 

than ECl
 suggests that some Na+-permeable leak pathway remains active at rest, even in cells of 

physiological conductance (ρs<2.02 pS/μm2, Figure 66). While the molecular basis and physiological 

role of this observed Na+ leak remains unknown, a finite permeability of fibre cell membranes to Na+ 

is required under the internal circulation model (Mathias et al., 1997). Individual isolated fibre cells 

appear to exist in a stable state in vitro with a variable level of basal Na+ leak, which may also become 

spontaneously activated in the presence of Gd3+ during the course of experimental manipulation.  

It is likely that activation of this additional NSC conductance underlies the observation of 

“activated” cells in fresh preparations of isolated fibre cells maintained in Gd3+ as described in Chapter 

5. It was hypothesised earlier that the linearised, leaky current-voltage behaviour of these activated 

(>Mathias, ρs>2.02 pS/μm2) cells was due to the activation of a cation conductance. From the 

clustering of depolarised, highly conductive cells evident in Figure 66, it would appear that a basal 

hyperactivation of Gd3+-insensitive NSC conductances may indeed explain the depolarised behaviour 

of these isolated fibre cells. While La3+ addition or NMDG replacement could return activated cells to 

a more physiological current profile (Figure 59), success in these manipulations was very time-

dependant. If non-selective currents remained active for more than a few minutes, manipulations to 

inhibit these leak currents were usually ineffective and the cells vesiculated on the end of the patch 

pipette. This correlation of NSC conductance activation with cell vesiculation implies that the 

hyperactivation of NSC channels can lead to calcium overload in cortical fibre cells in vitro  (Figure 14).  
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The increased activation of an additional La3+-sensitive NSC conductance observed in a subset 

of isolated fibre cells exposed to isotonic gluconate solution (Figure 63) implies a potential role for 

these conductances in fibre cell volume regulation. One or both of the non-selective cation channel 

pathways discussed here may thus play a role in the progression of hypocalcaemic or diarrhetic 

cataract, where low levels of plasma [Ca2+]o or high plasma osmolality respectively could trigger the 

inappropriate activation of Ca2+-permeable conductances within cortical fibre cells. 

The trends in ionic selectivity with length directly measured here in viable isolated fibre cells 

confirm the predictions of Mathias et al some 20 years ago, in that while epithelial and short fibre cells 

are dominated by K+ conductance, longer fibre cells become increasingly dominated by anion 

conductance with a low level of concomitant cationic leak (Mathias and Rae, 1985b). These spatially 

localised differences in ionic permeability are believed to form an internal ionic circulation system 

between lens cells which is essential for homeostasis in the lens, regulating ionic balance, cell volume, 

and metabolic support for internalised cells (Mathias et al., 1997). This study provides the first 

confirmation at the single-cell level of the spatial differences in ionic permeability believed to mediate 

and control this internal circulation system.  

In light of this new information, the functional behaviour of fibre cells from different regions of 

the lens cortex can now be assessed to build a definitive model of ionic homeostasis within the lens. 

Such data will answer fundamental outstanding questions in lens physiology. It will now be possible to 

probe the physiological modulation of ion fluxes in isolated cells to add to this model of lens 

homeostasis. Investigation of the physiological role of the fibre cell anion conductance will form the 

remainder of this thesis. 
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Chapter 8 

A physiological role for anion conductances in lens fibre cells 
Previous chapters have described the development of protocols to isolate viable fibre cells and 

have detailed the analysis of the electrical properties of these cells. The inherent variability of the 

electrical properties of these cells have been delineated and underlying trends in the differentiation-

dependant changes in these membrane properties documented. On the basis of this information, I am 

now in the position to address the physiological contribution of fibre cells to overall lens physiology. 

In this chapter I will specifically test an emerging model of lenticular volume regulation proposed by 

the Molecular Vision Laboratory. This model has been formulated using data obtained from a series of 

pharmacological inhibitor experiments which perturb anion transport in fibre cells within spatially 

distinct regions of the lens cortex. In this chapter, this model will be tested at the cellular level by 

functional analysis of fibre cells isolated from these lens regions. By making use of cell length as an 

indicator of location within the lens, it proved possible to delineate the relative roles of anion channels 

and transporters in the modulation of cell volume, confirming aspects of the molecular model and 

providing new information on the role of fibre cells in lens physiology. 

8.1 A molecular model for volume regulation in the lens 

The ocular lens is an optically transparent organ, and this transparency is a direct result of its 

unique cellular structure. While the lack of blood supply and internalisation of fibre cells is believed to 

require a novel physiology to maintain homeostasis, the requirement for continued optical 

transparency places additional demands on maintenance of precise structural relationships between its 

component cells and proteins. Disruption of the pseudocrystalline packing of the cortical fibre cells, by 

either cellular swelling or dilation of the normally tight spaces between the cells, increases 

intralenticular light scattering. Thus, volume regulation at both the cellular and organ level is critically 

important for the lens to fulfil its primary function in the visual system. 

Earlier studies have shown that lenses placed in anisosmotic solutions are capable of regulating 

their volume (Duncan and Croghan, 1969; Patterson and Fournier, 1976; Patterson, 1981). When 

placed in hypotonic medium, lenses initially swell before undergoing a regulatory volume decrease 

(RVD) via the loss of K+ and Cl- ions and obligatory water loss (Patterson, 1980). In contrast, the 

exposure of lenses to hypertonic media causes a cell shrinkage, which is resolved by a regulatory 

volume increase (RVI) driven by the intracellular accumulation of K+, Na+, and Cl- ions. Application 

of the anion channel inhibitor tamoxifen blocks volume regulation in bovine lenses exposed to 



- 147 - 

hypotonic challenge (Zhang and Jacob, 1996), while NPPB also inhibits volume regulation in rat lenses 

(Tunstall et al., 1999). In addition, these investigators demonstrated a gain in wet weight by cultured 

lenses incubated in the presence of anion channel inhibitors under isotonic conditions. These results 

indicate that anion channels are actively involved in lens cell volume regulation under resting 

conditions, as well as under osmotic challenge. In a series of studies, the relative contributions of Cl- 

channels and the cation chloride cotransporters KCC, NKCC and NCC to volume regulation in the 

rat lens have been addressed by examination of the cellular morphology in rat lenses cultured in the 

presence of inhibitors of these various anion transport pathways (Tunstall et al., 1999; Young et al., 

2000; Chee et al., 2006). Disruption of cell volume regulation by these agents under isotonic 

conditions caused characteristic tissue damage within two distinctive zones of the lens cortex. Cellular 

damage within these zones differed in damage phenotype depending on the inhibitors applied, 

suggesting differential expression or function of anion transport mechanisms between these zones 

(Young et al., 2000).  

Tissue damage resulting from exposure of cultured lenses to a high concentration of the anion 

channel inhibitor NPPB is initially evident as a localised band of extracellular space dilations located 

some 100 to 150 μm from the capsule that precedes more extensive tissue breakdown (Figure 67C,D). 

More severe tissue disruption in this region is accompanied by the development of a secondary zone 

of cell swelling in peripheral fibre cells. The spatially segregated zones of peripheral cell swelling 

coupled with deeper extracellular accumulations of fluid between cells lends support to the notion that 

a circulating flux of Cl- ions exists under isotonic conditions in the normal lens (Donaldson et al., 

2000; Young et al., 2000; Merriman-Smith et al., 2002). The lens internal circulation model (Rae and 

Mathias, 1985) predicts that Cl- would passively enter fibre cells in the inner lens, and efflux from 

peripheral fibre cells due to radial differences in transmembrane potential (Figure 67B). Blockade of 

anion transport may thus explain the observed damage by denying these fluxes (Young et al., 2000). 
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Figure 67 – Morphological damage zones induced by anion transport inhibitors under isotonic conditions.    
A – NPPB-treated lens section, 3 hrs, 100 μM. Note the early appearance of extracellular space dilations in the inner 
cortical zone. B - NPPB-treated lens section, 6 hrs, 100 μM. Extracellular space dilations (inset, scale bar 10 μm) are 
limited to a zone ~150 μm from the capsule. C – NPPB-treated lens section, 12 hrs, 100 μM. Extracellular space 
dilations distort cell morphology in the inner cortex, and peripheral cells begin to swell. D – NPPB-treated lens 
section, 18 hrs, 100 μM. Peripheral cell swelling is now profound, and inner cortical cell morphology is disrupted. 
Scale bar 50 μm. E – Isotonic anion influx in the inner lens cortex and efflux in peripheral cells are driven by radial 
gradients in transmembrane voltage (Mathias et al., 1997). F – Damage phenotype following NPPB treatment. 
Blocking anion channels traps fluid between cells in the deep lens while causing peripheral cells to swell. Modified 
from Young et al., 2000. 
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While the observation of spatially segregated zones of morphological damage (Figure 68) was 

the first visualisation of circulating flux of Cl- ions predicted by the lens internal circulation model, the 

specificity of NPPB is rather broad among anion channels and transporters. It is therefore possible 

that this complex damage phenotype results from the inhibition of other transport mechanisms, in 

addition to anion channels, by this high concentration of inhibitor (Figure 68B). The use of reduced 

concentrations of NPPB (10 μM, Figure 68A) results in a dilations-only phenotype in the zone of 

passive anion influx, indicating that this effect may occur via a more potent and specific interaction of 

NPPB with anion channels, rather than transporters, at this reduced concentration (Donaldson et al., 

2001b). A similar, but converse, concentration-dependant overlap of damage between the two areas is 

observed when the compound DIOA is used to inhibit the KCC cotransporter (Chee et al., 2006). At 

high concentrations (Figure 68D), DIOA causes damage in the zone of anion influx, beginning as 

extracellular space dilations, in addition to more pronounced cell swelling in the peripheral zone of 

passive anion efflux (100 μM, Figure 68B). At lower concentrations, (10 μM), damage in the zone of 

anion influx is reduced while peripheral cell swelling persists (Figure 68C). 

The extracellular space damage phenotype which occurs following NPPB exposure at low 

concentration (Figure 68A) indicates that anion channels are functionally important for isotonic 

volume control in cortical fibre cells. Formation of this damage is dependant on the presence of Cl- in 

the incubation medium, since removal of extracellular Cl- negates this damage (Donaldson et al., 

2001b). Anion channels classically operate in concert with K+ channels in volume regulatory systems, 

however exposure of cultured lenses to K+ channel inhibitors such as Ba2+ has no effect on cellular 

architecture (Young et al., 2000). Since cellular morphology is not compromised, it appears that Ba2+-

sensitive KIR channels are not essential for steady-state volume regulation in the lens in any cortical 

region. 
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Figure 68 – Concentration-dependant effect of anion transport inhibitors demonstrates differential sensitivity 
within zones of damage. A – Lens incubated with Cl- channel inhibitor (NPPB 10 μM, 18 hrs) – note the 
extracellular space dilations in the zone of Cl- influx. B – Lens incubated with increased concentration of NPPB 
(100 μM, 18 hrs) – note the gross swelling induced in the zone of anion efflux, with gross distortion of cellular 
architecture in the zone of anion influx. C – Lens incubated with KCC transport inhibitor (DIOA 10 μM, 18 hrs) – 
note the peripheral zone of cell swelling, with the deeper zone of extracellular space dilations. D – Lens incubated 
with increased concentration of DIOA (100 μM, 18 hrs) – note the gross swelling induced in the zone of anion 
efflux, spreading into the zone of anion influx as a distortion of cellular architecture. Scale bar 50 μm. Panels 
modified from (Donaldson et al., 2001b). 

From the morphological damage observed on blockade of anion channels or the KCC 

cotransporter, it appears that both anion transport pathways are important to the control of fibre cell 

volume. Based on the spatially and morphologically distinct damage phenotypes observed, a working 

model of anion transport has been proposed. In this model, KCC cotransporters mediate anion efflux 

from peripheral fibre cells, while anion channels allow anion influx into deeper fibre cells from the 

extracellular space (Figure 69) (Young et al., 2000; Chee et al., 2006). Since peripheral cells are coupled 

to deeper cells via gap junctions, these spatially distinct anion influx and efflux pathways must be 

balanced to maintain control of steady-state cell volume in the lens. 
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Figure 69 – A molecular model of anion transport in the lens cortex. A – Spatially segregated anion fluxes 
driven by a radial gradient in transmembrane voltage. B – Extracellular space dilations in the zone of anion influx 
induced by blockade of anion channels with NPPB (10 μM, 18 hrs). C – Cell swelling in the peripheral zone of 
anion efflux induced by blockade of the KCC cotransporters with DIOA (10 μM, 18 hrs). D – A molecular model of 
anion transport in the lens cortex, based on a combination of pharmacological and molecular data. 

This model initially developed by pharmacological inhibition experiments has been further 

strengthened by the use of molecular techniques to demonstrate the presence of specific anion 

transport proteins within appropriate cortical zones. Consistent with the damage caused to peripheral 

fibre cells by specific blockade of the electroneutral KCC cotransporter (Figure 67E), the expression 

of several isoforms of the KCC transporter protein was confirmed in the lens. Furthermore, 

immunocytochemistry localised KCC expression to the peripheral zone of anion efflux as predicted by 

the molecular model (Chee et al., 2006), confirming a physiological role for KCC cotransporters in 

mediating an electroneutral ion efflux from peripheral fibre cells. Unfortunately a molecular 

identification for the anion channel implicated by the NPPB damage phenotype remains outstanding. 
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While the current study has thus far confirmed the presence of lyotropic anion channels in 

isolated fibre cells, molecular data on anion channel expression in the lens remains incomplete. In 

order to complete this molecular model, an attempt was made to molecularly identify volume-sensitive 

anion channels within vulnerable areas of the lens  

8.2 Molecular localisation of volume-sensitive anion channels in the lens 

While the molecular basis of many ionic conductances has been elucidated by expression studies 

and functional analysis, the ubiquitous volume sensitive anion channel (VSOAC) remains elusive 

(Jentsch et al., 2002). Its ubiquity in almost every known mammalian cell type has lead to controversy 

over many “conclusive” identifications in the literature (Maduke et al., 2000; Wang et al., 2000), and 

the field has alternately embraced and then discarded a number of candidate genes and proteins over 

the past years (Okada, 1997; Okada et al., 1998; Suzuki et al., 2006). At the time when this study was 

being carried out, two of the prominent candidates for VSOAC in mammalian cells were ClC-2 and 

ClC-3, two related isoforms of the ClC protein family whose published ion selectivity and ubiquitous 

presence made them attractive candidates for ongoing study (Gründer et al., 1992; Duan et al., 1999; 

Wang et al., 2000; Duan et al., 2001; Sardini et al., 2003). Both ClC-2 and ClC-3 had been identified in 

cDNA libraries prepared from cultured human epithelial cells and the alpha TN4 lens epithelial cell 

line (Rae and Shepard, 1998a), in rabbit lens epithelia (Turner et al., 2003). However, these studies did 

not attempt to explore the distribution of channel expression within the lens. 

In a parallel investigation in our research group, transcripts for both ClC isoforms were detected 

in rat lens fibre cells by RT-PCR (Donaldson et al., 2001b). To verify channel expression at the protein 

level, and to characterise the distribution of ClC-2 and -3 channels within the lens, 

immunocytochemistry using αClC antibodies was performed using equatorial lens cryosections as 

detailed in the Methods. In other studies in our laboratory, it has been shown that the distribution of a 

variety of membrane proteins changes as a function of fibre cell differentiation within different lens 

regions (Grey et al., 2003; Merriman-Smith et al., 2003). Thus, adjacent high-resolution confocal 

microscope images were obtained from the capsule in towards the lens centre (Figure 70A). By tiling 

adjacent images, a high-resolution map of antibody and membrane signal was obtained across the lens 

radius. Higher-power images were then collected from the outer cortex, inner cortex, and towards the 

lens nucleus (photobleached squares, Figure 70A). From examination of these higher-resolution 

images, co-localisation of antibody signal with the membrane signal revealed whether detected 

antibody signal was membranous or cytoplasmic at various locations across the lens radius. 
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8.2.1 αClC-2 labelling in the equatorial lens  
ClC-2 antibody labelling was detected throughout the lens, and was abolished by pre-incubation 

of the antibody with its peptide control. In peripheral fibre cells (Figure 70B), labelling was exclusively 

intracellular, with the membrane label clearly delimiting regions of cytoplasmic signal (lower panel). 

Beginning rather intense yet diffuse intracellularly, αClC-2 labelling became more punctuate within the 

outer cortex, while still remaining exclusively cytoplasmic (Figure 70C). In contrast, the labelling 

pattern observed in deeper fibre cells was exclusively associated with the membrane (Figure 70D). The 

transition towards this membrane association appeared to take place rather gradually across the lens 

cortex, with cytoplasmic signal diminishing and membrane-associated puncta becoming increasingly 

prevalent. 
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Figure 70 – αClC-2 (Alomone Labs) labelling of lens equatorial cryosections. A – Locations of shots in B-D. 
Scale bar 100 μM. B-D – Upper panels - equatorial lens cryosections double-labelled with membrane marker 
WGA-TRITC (red) and αClC-2-FITC (green). Lower panels - αClC-2 signal alone (green). B – αClC-2 label 
appears exclusively intracellular in peripheral lens cells. C - αClC-2 labelling in the lens inner cortex is punctuate is 
not membrane associated. D - αClC-2 label becomes exclusively membrane associated in the deep lens cortex. Scale 
bar 10 μm. 
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8.2.2 αClC-3 labelling in the equatorial lens  
ClC-3 antibody labelling was also widespread throughout the lens (Figure 71). In peripheral fibre 

cells and epithelium (Figure 71A), αClC-3 labelling consisted of sparse but intense puncta, exclusively 

located intracellularly. Within the outer cortex, this punctuate signal became reduced in intensity, while 

still remaining exclusively cytoplasmic (Figure 71B). In contrast, the labelling pattern observed in 

deeper fibre cells was exclusively associated with the membrane (Figure 71C). The transition towards 

membrane association occurred within the deep lens cortex, and appeared somewhat more rapid than 

for αClC-2 across the lens radius. Since the specificity of the Alomone Labs αClC-3 antibody used 

initially was subsequently shown to be questionable (Stobrawa et al., 2001), this labelling was 

confirmed with a competing product from Santa Cruz Biotechnology (Figure 91). Antibody signal for 

this second antibody was abolished by pre-incubation of the antibody with its peptide control (see 

Immunolabelling Appendix). 
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Figure 71 - αClC-3 (Santa Cruz) labelling of lens equatorial cryosections. A-C – Upper panels - equatorial lens 
cryosections double-labelled with WGA-A488 (red) and αClC-3-A488 (green), see locations in (Figure 70A). 
Lower panels - αClC-3 signal alone (green). A – αClC-3 label appears exclusively intracellular in peripheral lens 
cells, with intense punctuate cytoplasmic labelling of the epithelium and more sparse punctuate signal in peripheral 
fibre cells. B - αClC-3 labelling in the lens inner cortex is punctuate, and somewhat less intense, and does not appear 
to be membrane associated. C - αClC-3 label becomes membrane associated in the deep lens cortex. Scale bar 10 
μm. 
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8.2.3 α-ClC labelling in the zone of extracellular space dilations 
Thus, while it appears that both ClC-2 and ClC-3 proteins are present in the lens, there is no 

membrane-specific signal for either isoform detected in the lens periphery. The lack of membrane 

signal in the outer cortex suggests that these channels may not mediate transmembrane anion fluxes in 

this region. To specifically address whether the ClC-2 or ClC-3 are associated with the extracellular 

space damage triggered by NPPB treatment, which manifests within the same cortical zone, equatorial 

cryosections were obtained from lenses incubated in the presence of NPPB for 6 hours (Figure 72). 

NPPB-treated lens sections were immunolabelled as previously described and the extracellular space 

dilations formed were imaged at high resolution ( , Figure 72). If ClC-2 and ClC-3 were involved in 

the generation of extracellular space dilations, one would expect that channel proteins would localise in 

the membrane of fibre cells located in this zone. Neither ClC-2 nor ClC-3 antibody signal colocalised 

specifically with membranes in the zone of extracellular space dilations (Figure 72, lower panels). 
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Figure 72 – ClC antibody labelling in the zone of extracellular space dilations. αClC labelling in NPPB-treated 
lenses (6 hrs, 100 μM). Upper panels – combined image showing membranes (red) antibody signal (green), and 
extracellular space dilations ( ). Lower panels – antibody signal alone (green). A – αClC-2 labelling. B - αClC-3 
labelling (Alomone Labs). C –αClC-3 labelling (Santa Cruz). Note the lack of membrane-specific signal from any 
of these antibodies in the zone of extracellular space dilations. Scale bar 10 μm. 
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This immunological data indicates that while ClC-2 and ClC-3 are expressed in lens fibre cells 

and the subcellular distribution of the two channels appears to change as a function of fibre cell 

differentiation, the lack of a membrane signal in the zone of extracellular space dilations argues against 

their involvement in the formation of the NPPB damage phenotype. While electrophysiological 

recordings from peripheral fibre cells have demonstrated the presence of lyotropic, outwardly-

rectifying anion channels in these cells whose properties appear similar to those published for VSOAC 

in other tissues (Jentsch et al., 2002), no membrane signal could be detected for ClC-2 or -3 in 

appropriate cortical zones to mediate these anion conductances. It is thus unlikely that either of these 

channel isoforms underlies the dominant VSOAC-like conductance observed in somewhat elongated 

isolated fibre cells. 

Additional evidence has subsequently come to light which raises doubt over the candidacy of 

both ClC-2 and -3 as the molecular basis of VSOAC conductances in general. Early experiments were 

likely contaminated with endogenous conductances since the expression systems chosen often 

contained a native form of VSOAC conductance,. Others have shown that ClC-2 forms an inwardly 

rectifying channel when expressed in cell lines (Jentsch et al., 2002). In contrast, expression of ClC-3 in 

cell lines produces an outwardly rectifying Cl- channel (Li et al., 2000), which like other members of 

the ClC family exhibits a characteristic Cl->I- selectivity that distinguishes it from other classes of anion 

channel (Halm, 1998; Li et al., 2000). Additional conflicting reports exist for halide selectivity of ClC-3 

in some preparations (Duan et al., 1997), further highlighting difficulties in accurately delineating the 

contribution of individual channel isoforms to anion conductances observed in whole-cell patch clamp 

measurements. More recent work on ClC-3 has shown that it is more likely to play an intracellular role. 

ClC-3 expression is apparently essential for proper acidification and regulation of intracellular vesicles 

in the hippocampus and other tissues (Stobrawa et al., 2001). It remains in doubt whether ClC-3 

mediates any transmembrane conductance at all, except when exogenously expressed.  

Thus, a combination of molecular and functional data would tend to exclude either ClC-2 or -3 

from mediating the anion conductance identified in fibre cells isolated from the lens cortex. Although 

membrane localisation of these isoforms was confirmed in the deep lens, a physiological role for these 

anion channels in this region remains speculative. Since this attempted molecular identification of the 

fibre cell anion conductance was inconclusive, a further functional study was conducted to explore the 

volume sensitivity and physiological role of anion channels in isolated fibre cells.  
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8.3 Functional analysis of volume-sensitive anion channels in lens fibre cells 

Anion fluxes essential to the operation of the lens internal circulation system are thought to be 

driven by a radial drop in transmembrane voltage of lens fibre cells (Figure 73, inset) (Mathias et al., 

1997). Examination of pharmacological damage phenotypes highlights the sharp transition between 

anion influx and efflux within equatorial lens sections (Figure 67). The point at which the passively-

directed anion fluxes reverses direction can be detected as an abrupt switch in damage phenotype from 

cell swelling to extracellular space dilations. This apparent “flux reversal point” occurs approximately 

15 cell layers in from the capsule (Figure 73). From the calibration curve for fibre cell elongation 

established in Figure 37, it is now possible to estimate the length of fibre cells on either side of this 

flux reversal point (Figure 73). Thus, fibre cells believed to mediate an influx of anions in the intact 

lens cortex are in excess of 125 μm in length while shorter fibre cells participate in anion efflux from 

the lens. The following section will use this calibration to examine cells obtained from the zones of ion 

influx and efflux and compare the functional properties of anion transport pathways between these 

physiologically distinct zones. 
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Figure 73 – A calibration curve for fibre cell length within zones of Cl- influx and efflux. Examination of 
morphological damage caused by inhibiting anion transport in the lens reveals an abrupt change in damage 
phenotype, which delimits the regions of anion influx and efflux within the lens cortex. Thus the fibre cell “flux 
reversal length”, where Vtransmembrane ≈ ECl, appears to be ≈ 15 cell layers into the lens cortex, where fibre cells (●) are 
approximately 125 μm long. 
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8.3.1 Volume regulation in isolated fibre cells under hypotonic conditions 
It has already been noted that the anion selectivity sequence of the fibre cell-specific anion 

channel is similar to that published for the volume-sensitive VSOAC channel, and that this 

conductances is present in fibre cells of all lengths albeit, to varying degrees. Therefore, modulation of 

these channels by cell volume was of particular interest since the volume of the lens appears from 

functional studies to depend on a co-ordinated interaction between anion channels and other transport 

mechanisms (Tunstall et al., 1999; Young et al., 2000). The volume sensitivity of these conductances 

was initially probed by applying a mild hypotonic stimulus to cells isolated from the zones of ion influx 

and efflux. 

Exposure of long fibre cells from the zone of ion influx to a solution rendered hypotonic by 

omission of NaCl (total osmolality 250 mOsmkg-1, ~17% hypotonic) resulted in an increase in the 

characteristic outwardly-activating conductance component of the whole-cell current (Figure 74D). 

This conductance augmentation occurred over a timecourse of minutes, and principally involved an 

increase in current at depolarising potentials (Figure 74E). When the current-voltage relationships are 

examined, it is apparent that the increase in outward current triggered by hypotonicity is not associated 

with a reversal potential shift, and inward current is largely unaltered (Figure 74F). These observations 

suggest that the activity of the lyotropic anion channel characterised in isolated fibre cells can be 

increased by hypotonic swelling. 

However, despite these observed current alterations, the morphology of these long fibre cells 

appeared unaltered throughout these manipulations (Figure 74A,B). While attempts were made to 

monitor cell volume under DIC illumination by calculating various morphological indices (see Volume 

Measurement Appendix), geometric considerations and imaging resolution proved insurmountable 

barriers using these methods. Although cell volume has thus not been directly quantified in these 

experiments, lowering extracellular osmolarity produced consistent increases in outwardly-rectifying 

anion conductance in fibre cells from the zone of anion influx (n=4). Thus, it appears that the 

outwardly-rectifying anion conductance common in fibre cells from the zone of physiological anion 

influx is sensitive to changes in extracellular osmolarity. 
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Figure 74 – The effect of hypotonic swelling on anion conductances in fibre cells isolated from the zone of ion 
influx. A – DIC image of a long isolated fibre cell (length 475 μm) in isotonic AAH (300 mOsmkg-1). B – The same 
cell after exposure to hypotonic AAH (250 mOsmkg-1). Note the lack of obvious change in morphology or cellular 
dimensions. Scale bar 50 μm. C – Whole-cell current in the fibre cell under isotonic conditions. Note the 
characteristic outwardly-activating current morphology of this long fibre cell. D – Whole-cell current in the fibre 
cell under hypotonic conditions. Note the increase in outwardly-rectifying anion current component. E – Timecourse 
of current alteration on exposure to hypotonic AAH (I+100 mV - ●, I-100 mV - ○). Note the hypotonicity-triggered 
increase in outward current.    F – Whole-cell current-voltage relationships for this cell in isotonic (A, ●) and 
hypotonic AAH (B, ○). 
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In contrast to longer cells, exposure of short, peripheral fibre cells from the zone of ion efflux to 

hypotonic solutions produced a variable augmentation in current. Previously I have shown that the 

lyotropic anion channels have a variable contribution to the baseline properties of these shorter cells 

(Figure 56). While short fibre cells are generally electrically tight and contain a K+ conductance, other 

short cells possess an anion conductance at baseline which is variable in magnitude (Figure 66).  

In a subset of peripheral fibre cells, which displayed a larger-magnitude anion conductance at 

baseline, hypotonic challenge resulted in an increase in outward current (Figure 75B,F) which was 

similar in character to that observed in longer fibre cells. While the onset and timecourse of this 

increase in conductance was somewhat more rapid than seen in longer cells (Figure 75D), the smaller 

physical size of peripheral fibre cells may translate into more rapid alterations in cell volume. The 

smaller size of these fibre cells from the zone of efflux also allowed cells to be imaged at higher 

magnification and resolution, highlighting the cell swelling which accompanied this current increase 

(Figure 75B,C, upper panel). In contrast, while the exposure of “tight”, K+-dominated short fibre cells 

caused cell swelling (Figure 76B, upper panel), the increase in outwardly-rectifying conductance 

observed in more anion-dominated short cells was diminished or absent (Figure 76B, lower panel). 

While transient, “flickering” activation of conductances can occasionally be observed at very 

depolarised potentials (Figure 76B,◄), the overall alteration in current is minor in either direction 

(Figure 76D,F). 

It is known from pharmacological experiments that inhibition of the KCC cotransporters 

perturbs cell volume control in the peripheral fibre cells, in the zone of physiological anion efflux 

(Figure 68A,B). To delineate the contribution of the KCC cotransporter to volume regulation in these 

peripheral fibre cells, hypotonic stimulus was maintained and KCC cotransport was inhibited by the 

addition of 100 μM DIOA. In cells which were initially non-responsive to hypotonic challenge, 

application of DIOA triggered a conductance increase accompanied by a further phase of cell swelling 

(Figure 76C). The “flickering” currents observed on hypotonic challenge appeared to undergo a 

transition to a fully “activated” state. This effect seemed to be dose-dependant (Figure 76E) although a 

full potency investigation was not carried out. Thus it appears that in electrically tight short fibre cells, 

the operation of the KCC cotransporters may have a primary role in mediating transmembrane anion 

flux to offset cell swelling. In cells which had displayed an immediate current increase on hypotonic 

challenge, inhibition of the KCC cotransporters resulted in a further increase in the VSOAC-like 

conductance (Figure 75C,F).  
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Figure 75 – Effects of cell swelling manoeuvres on volume-sensitive anion currents in isolated fibre cells.         
A – Short fibre cell (length 55 μm) in isotonic Cl- AAH. Note the already active outwardly-activating anion 
conductance in this cell (lower panel). B – The same cell in hypotonic AAH (250 mOsmkg-1). Note obvious cell 
swelling (upper panel) and concomitant increase in outwardly-activating current (lower panel). C – The same cell in 
hypotonic AAH + 10 μM DIOA. Note exacerbated cell swelling (upper panel) coupled with a further increase in 
outward current. Scale bar 25 μm. D – Timecourse of current alteration induced by hypotonic challenge. Whole-cell 
current at +100 mV (■) and -100 mV (□) over time, demonstrating the acute increase in current followed by a 
decrease towards baseline. Note that the characterisation in B is taken immediately following this trace.                   
E – Timecourse of current alteration following exposure to DIOA (100 μM). Whole-cell current at +100 mV (■) and 
-100 mV (□) over time, demonstrating the increase in current seen on DIOA treatment in short isolated fibre cells 
from the zone of ion efflux. F – Whole-cell current-voltage relationships of the cell under study – in isotonic Cl- 
AAH (●), following hypotonic challenge (▲ – acute (t+2 min), ● – steady state (t>8 min)), and following DIOA 
treatment ( ). 
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Figure 76 – Interaction between anion channels and transporters explains diversity in responses of short 
isolated fibre cells to swelling stimulus. A – Short fibre cell (length 58 μm) in isotonic Cl- AAH. Note the low-
magnitude, K+-dominated whole-cell current in this cell (lower panel). B – The same cell in hypotonic AAH (250 
mOsmkg-1). Note obvious cell swelling (upper panel), but lack of sustained increase in anion conductance (lower 
panel). Flicker-like activation of outward conductances can sometimes be observed at very depolarised potentials 
(◄). C – The same cell in hypotonic AAH + 10 μM DIOA. Note the exacerbated cell swelling (upper panel) 
coupled with a greatly increased outward current. Scale bar 25 μm. D – Timecourse of current alteration induced by 
hypotonic challenge. Whole-cell current at +100 mV (■) and -100 mV (□) over time, demonstrating the minor 
increase in outward current observed in this cell. Note that the characterisation in B is taken immediately following 
this trace. E – Timecourse of current alteration following exposure to DIOA (10, 100 μM). Whole-cell current at 
+100 mV (■) and -100 mV (□) over time, demonstrating the increase in current seen on DIOA treatment in short 
isolated fibre cells from the zone of ion efflux. F – Whole-cell current-voltage relationships in the cell under study – 
in isotonic Cl- AAH (●), following hypotonic challenge (●), and following DIOA treatment (○).  
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The heterogeneity in anion conductances observed in fibre cells from within the zone of anion 

efflux under hypotonic conditions suggests that the cellular response to hypotonic stress is mediated 

by the concerted activity of both anion channels and the KCC transporter. It is expected that 

activation of these two pathways would produce a regulatory volume decrease that returns cell volume 

towards normal despite the continued presence of hypotonic stress. The onset of such a volume 

regulation can be seen in Figure 75D, where an initially heightened VSOAC-like conductance is 

observed to decrement with time as the cell swelling triggered by hypotonic exposure is controlled. 

This current reduction with time is a characteristic sign of volume sensitivity, since upregulation of 

volume-sensitive anion conductances brings about volume decrease and thus provides negative 

feedback to the volume regulatory conductances. 

A pooled analysis of time-dependant changes in anion conductance in cells isolated from the 

zone of efflux during hypotonic challenge showed an acute (2-3 minutes) increase in whole-cell 

current, which declined towards baseline levels at steady state (Figure 77A). In contrast, cells from the 

zone of anion influx did not demonstrate this time-dependant current reduction (Figure 77B). This 

suggests that although lyotropic anion channels in longer cells are volume sensitive, their activation 

under hypotonic conditions does not produce a regulatory volume decrease. Thus it appears that 

differences in volume regulatory mechanisms exist between fibre cells from the zones of anion influx 

and efflux. The persistence of VSOAC-like anion conductances over time in cells from the zone of ion 

influx perhaps indicates a lesser ability of these more elongated cells to control their volume, or react 

to homeostatically offset osmotic perturbations.  
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Figure 77 – Regulatory volume decrease in isolated fibre cells. A – Pooled whole-cell current-voltage 
relationships (n=19) of cells from the zone of ion efflux, showing the outwardly-rectifying current in isotonic 
conditions (●), the acute current augmentation caused by hypotonic swelling (●, t+2 min), and the return towards 
control levels observed at steady state (Δ, t + 4-8 min), indicating that volume regulation has occurred. B – Pooled 
whole-cell current-voltage relationships (n=4) of cells from the zone of ion influx, showing the potentiation of 
outward current in isotonic condition (●) by hypotonic swelling (●, t + 2 min), and the lack of return towards 
baseline at steady state (Δ, t + 4-8 min).  
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8.3.2 Steady-state volume regulatory mechanisms in isolated fibre cells 
Under isotonic conditions, morphological damage is induced in cultured lenses by 

pharmacological inhibition of anion transport pathways. It thus appears that interfering with either 

anion channels or transporters in the resting lens disrupts volume homeostasis in cortical fibre cells. 

To test whether KCC also has a role in steady state volume regulation in isolated fibre cells, DIOA 

was added to isolated fibre cells under isotonic conditions. The inhibition of KCC under isotonic 

conditions caused the swelling of peripheral fibre cells isolated from the zone of anion efflux (Figure 

78). Although cell swelling was obvious down the microscope, and in time-lapse video microscopy, it 

was difficult to quantify cell volume from these 2-dimensional DIC images (see Volume Measurement 

Appendix). However, it can be seen from a qualitative examination that while isolated cells from the 

zone of ion efflux display gross swelling in response to DIOA treatment (Figure 78A,B), more 

elongated cells from the zone of ion influx are minimally if at all affected by inhibition of KCC (Figure 

78C). This observation is in agreement with the pharmacological damage observed in the peripheral 

zone of anion efflux when KCC-mediated transport is disrupted. These functional observations imply 

that KCC cotransporters play a major role in mediating transmembrane anion efflux which contributes 

to steady-state volume homeostasis in cells from the zone of anion efflux.  
 A 

B 

C 

 
Figure 78 – Morphological effects of isotonic KCC inhibition on isolated fibre cells of various lengths.            
A – Short fibre cell (length 29 μm) swells grossly on exposure to DIOA (10 μM, right hand panel). B – A slightly 
longer influx-zone fibre cell (length 63 μm) also swells under isotonic DIOA treatment (10 μM, right hand panel). 
C – Long fibre cell, from the ion influx zone, remains largely unaffected by the addition of DIOA (10 μM, right 
hand panel), apart from some slight tip swelling ( ). 
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Since the blockade of KCC cotransporters leads to cell swelling under isotonic conditions 

(Figure 78), it is expected that this volume change would potentiate the activity of volume-sensitive 

anion conductances, as demonstrated previously under hypotonic conditions (Figure 75). Under 

whole-cell patch clamp, isolated peripheral fibre cells exposed to DIOA under isotonic conditions 

underwent a reversible increase in whole-cell current (Figure 79) that is consistent with upregulation of 

a lyotropic anion conductance. From this conductance increase, it can be concluded that the KCC 

cotransporter is in fact the major anion efflux pathway. However, when this transporter is blocked 

with DIOA, lyotropic anion channels can form a parallel pathway to mediate this efflux. 
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Figure 79 – Electrophysiological effects of DIOA exposure on fibre cells isolated from the zone of ion efflux.  
A – Short peripheral fibre cell (length 23 μm) in isotonic AAH, showing whole-cell current morphology  (lower 
panel). B – The same cell exposed to DIOA (100 μM) under isotonic conditions. Note the evident cell swelling and 
increase in outwardly-rectifying conductance (lower panel). C – The same cell following washout of DIOA. Note 
that cell morphology remains somewhat swollen, while whole-cell current decreases on washout (lower panel). 
Scale bar 25 μm. D – Timecourse of current increase on DIOA exposure, showing the increase in current associated 
with increased anion channel activity. E – Whole-cell current-voltage relationships in isotonic conditions (A, ●), in 
the presence of DIOA (B,Δ), and on DIOA washout (C,□). 
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8.4 Discussion 

The aim of this chapter was the validation at the cellular level of a model for volume regulation 

in lens fibre cells which had been inferred from pharmacologically induced damage phenotypes. These 

isolated fibre cell experiments have demonstrated differences in anion transport mechanisms at the 

single cell level between cells from the zone of anion influx and efflux. 

It would seem that the KCC cotransporter plays a primary role in mediating volume regulation 

in the peripheral zone of anion efflux, both at rest and under hypotonic challenge. However, 

hyperactivation of VSOAC-like anion channels can also be induced under both conditions by DIOA, 

indicating that multiple interacting volume regulatory mechanisms exist in these cells. Since both the 

KCC transporter (Adragna et al., 2004) as well as the VSOAC anion channels (Jentsch et al., 2002) are 

volume sensitive, cell swelling should potentiate the activity of each mechanism in parallel. If a given 

flux of anions across the cell membrane is necessary to control cell volume, this flux will thus be 

shared between both the channel and transporter-mediated pathways according to their current level 

of activity. Since the transporter is electrically silent, only the anion conductance is visible under whole-

cell patch clamp. The variability in response to hypotonic challenge seen in short isolated fibre cells 

could thus indicate a variable contribution of these two pathways to volume regulation under osmotic 

stress (Figure 75, Figure 76). The existence of two interacting anion efflux pathways could also explain 

the heterogeneity in baseline anion conductance seen in short fibre cells (Figure 54). 

Redundancy in volume regulatory pathways is a common feature of volume regulation in other 

cells (Jentsch et al., 2002). The hypothesised interaction between volume-sensitive anion channels and 

KCC cotransporters provides a mechanistic explanation for the observation of damage in whole lenses 

treated with high concentration of NPPB and DIOA (Figure 68). At high concentrations, both 

reagents affect both transport pathways. High concentrations of NPPB therefore cause a secondary 

zone of peripheral cell swelling due to inhibition of KCC in addition to the anion channels primarily 

targeted by this compound. At lower NPPB concentrations, this peripheral cell swelling is absent due 

to continued anion efflux mediated by KCC (Figure 68A). DIOA applied at low concentrations also 

causes peripheral cell swelling under isotonic conditions (Figure 68C). This observation highlights the 

importance of KCC in mediating steady-state volume regulation in the zone of anion efflux. However 

increased concentrations of DIOA, which also inhibit anion channels, produce more dramatic swelling 

and extend the affected zone deeper into the lens cortex (Figure 68D). These observations reinforce 

the conclusion that under most circumstances, anion efflux in peripheral cells is mediated by KCC. 

However, if this transport pathway is inhibited, anion efflux may be acutely mediated by an increase in 

anion channel activity (Figure 79).  
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Longer fibre cells from the zone of anion influx contain a lyotropic anion channel, which 

appears to be volume sensitive. Anion channel activity was consistently observed at baseline in these 

longer cells, and could be further increased by hypotonic stimulation (Figure 74). Thus, cells isolated 

from the zone of anion influx possess a constitutively active lyotropic anion channel, which could 

potentially mediate the passive influx of anions predicted by the internal circulation model (Mathias et 

al., 1997). Blockade of this influx pathway provides a mechanistic explanation for the extracellular fluid 

accumulation seen on inhibition of anion transport in the whole lens with NPPB (Figure 67). Because 

transmembrane voltage gradients in this region favour the influx of anions, hyperactivation of these 

volume-sensitive anion channels under osmotic stress may exacerbate, rather than reduce, cell swelling. 

The demonstrated volume sensitivity of anion channels within this zone (Figure 77B) therefore has 

implications for control of cell volume in conditions of osmotic imbalance. In diabetic cataract, this 

zone of the lens cortex forms the focus of cellular damage that leads to lens opacification (Bond et al., 

1996). A hypothetical model that implicates anion channel activation in cortical cataractogenesis will be 

advanced in the next chapter. 
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Chapter 9 

A revised role for fibre cells in lens physiology 
One of the key outstanding questions in lens physiology has been the contribution of fibre cells 

to the operation of the lens as a whole. Prior to this study, the properties of lens fibre cells could only 

be inferred from macroscopic experiments performed on intact whole lenses. In this thesis, I have 

developed and validated protocols which produce viable isolated fibre cells amenable to functional 

study. By rigorous analysis of the resulting data set, I have established methods to identify and 

characterise physiologically relevant membrane properties from individual fibre cells of a range of 

lengths. This represents the first comprehensive characterisation of the membrane properties of fibre 

cells at the single-cell level. This characterisation has been correlated to fibre cell differentiation, thus 

providing a means to investigate how spatial variations in these membrane properties within the lens 

contribute to lens function. In this section, I will briefly summarise the functional properties of 

isolated fibre cells before discussing the significance of these observations within the wider field of 

lens cataract research. 

9.1 The membrane properties of isolated fibre cells 
The key finding from which all experimental data originated was that the inhibition of non-

selective cation channels in isolated fibre cells by multivalent cations produced a preparation of viable 

cells of a range of lengths. While significant variability existed between cells, even those of similar 

length, a number of trends emerged which suggest that alteration in membrane properties is a key 

feature of fibre cell differentiation. As cell length increased, membrane resistance and conductivity 

were found to decrease, consistent with a differentiation-dependant alteration in their complement of 

ion channels. The diversity in membrane selectivity in these cells was reflected in a range of reversal 

potential measurements, which also exhibited length-dependent trends. These trends were investigated 

by pharmacological and ion substitution experiments. It was found that short fibre cells contained Ba2+ 

and TEA sensitive K+ channels which appeared similar to those reported in the lens epithelium. As 

cells increased in length, this K+ permeability became submerged beneath an increasingly dominant 

outwardly-rectifying anion conductance, which was found to be lyotropic in selectivity. In parallel with 

this dominant anion conductance, many longer fibre cells also contained a finite permeability to Na+, 

probably mediated by tonic activity of tonically-active non-selective cation channels. This shift in ionic 

permeability from K+-selective epithelial cells to a Cl- and Na+ permeability in fibre cells has been 

predicted from macroscopic impedance measurements (Baldo and Mathias, 1992), and is here directly 
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confirmed for the first time at the cellular level. This diversity in ionic conductances present in fibre 

cells of varying length is summarised diagrammatically in Figure 80. 
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Figure 80 – A model describing change in fibre cell ionic permeabilities with cell differentiation.                      
A – Short fibre cells contain Ba2+- and TEA-sensitive K+ channels, along with the ubiquitous cation conductances, 
and a volume-activated anion channel. B – Medium fibre cells begin to accumulate constitutively active anion 
channels and minimise K+ channel activity. C – Long fibre cells further dilute epithelioid K+ conductances while 
adding to the anion conductivity.  
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Against this backdrop of differentiation-dependant permeability alterations, significant variability 

in the overall selectivity of fibre cell membranes was evident which initially confounded analysis. 

However, through the use of further pharmacological and ion replacement manipulations, a set of 

additional ionic permeation pathways were found to be differentially regulated in individual cells. The 

variable activity of these additional conductances caused a subset of fibre cells to deviate from the 

overall trends in membrane behaviour. In a subset of shorter fibre cells, the lyotropic anion channel 

common in longer fibre cells was also present, appearing to be activated to varying degrees in these 

cells by the stress of the dissociation process. It was also found that that at least two distinct classes of 

non-selective cation channels were present within isolated fibre cells, introducing a variable Na+-

permeable leak pathway that depolarised current reversal potentials and contributed a linear 

component to whole-cell current recordings. While one of these cation conductances was effectively 

minimised by the addition of Gd3+ to the bathing media an additional cation conductance, which 

proved to be sensitive to La3+, was shown to activate upon isotonic cell shrinkage. 

In summary, while the differentiation-dependant trends in membrane properties identified in 

isolated fibre cells confirm predictions made from impedance measurements, characterisation of the 

variability in membrane properties indicates that the membrane behaviour of fibre cells is more diverse 

and appears to be more dynamically regulated than previously suspected. In the final section of this 

chapter, I will propose a model for the formation of cortical cataract, based directly on permeability 

measurements obtained in this study. 
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9.2 An integrated model of ion transport in lens fibre cells 

This investigation has highlighted the alterations in membrane properties of fibre cells which 

occur as they differentiate. Because of the way in which fibre cells are laid down in layers within the 

lens cortex, these differentiation-dependant changes in membrane properties are translated into spatial 

differences in ionic permeability. These spatial differences have been hypothesised to mediate a 

constant flux of ions and fluid which is driven by spatially-segregated zones of ion influx and efflux 

(Mathias et al., 1997). A synthesis of the available molecular and functional data appears in Figure 81.  
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Figure 81 – An emerging molecular model for volume regulation and steady-state ion fluxes in the lens. 
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In peripheral cells, expression of the Na+/K+ ATPase in parallel with the K+ channels 

demonstrated in this study creates a negative intracellular potential, which is transmitted to deeper cells 

by efficient gap junctional coupling (Mathias et al., 1997). In addition, this study has shown that fibre 

cells from this zone of ion efflux possess a volume sensitive anion channel, acting in parallel with the 

KCC cotransporters to mediate an efflux of anions from the lens (Figure 81). This anion efflux is 

necessary to preserve steady-state lens cell volume, as well as to offset osmotic insult, by effecting 

regulatory volume decrease. Cells in the inner lens cortex possess a range of transport pathways 

appropriate for mediating the uptake of ions from the extracellular space, creating a zone of ion influx 

(Figure 81). This study has demonstrated the presence of volume-sensitive lyotropic anion channels 

within fibre cells from this cortical zone, which have been shown in other studies to also contain the 

KCC and NKCC cotransporters (KN Chee, unpublished data, 2004, Chee et al., 2006).  

Thus, this investigation has reinforced aspects of the molecular model of fibre cell ion transport 

derived from previous molecular and pharmacological studies by confirming the functionality of ion 

transport processes in isolated fibre cells at the single cell level. Some of these membrane 

permeabilities have been directly measured, such as the K+ and anion conductances which contribute 

to membrane currents, while the contribution of the KCC cotransporter has been inferred through 

functional modulation of the volume-sensitive anion channel current in efflux zone cells. The present 

study has directly examined the ionic permeability of native fibre cells, and found that while the 

physiological permeabilities present in the intact lens appear to be maintained on cell isolation, these 

cells contain additional non-selective cation channels and volume sensitive anion channels whose 

activation or upregulation can distort or alter these basal permeabilities, with potential detrimental 

effects on lens function.  

From this bolstered molecular model of fibre cell ion transport, it is now possible to predict the 

effects of pathological dysfunctions in ion transport on lens ion homeostasis, volume regulation, and 

transparency. From functional data collected in this study from isolated cortical fibre cells, a causal 

cascade which may underlie cortical cataractogenesis will now be outlined, relating the osmotic 

perturbations associated with diabetes to the ultimate loss of lens transparency in advanced diabetic 

cataract. 
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9.3 An ion transport model of cortical cataractogenesis 

“The extent of osmotic overload does not have to be high enough to cause 
cell lysis by itself, as long as it is sufficient to perturb Ca2+ homeostasis 
and/or decrease intercellular coupling” (Wang et al., 1997) 

In cortical cataract, damage to fibre cells occurs within a discrete zone of the lens cortex, some 

150 μm in from the lens capsule (Figure 82C), which coincides with the zone of anion influx 

delineated by pharmacological experiments (Figure 67). The gross cell swelling in evidence in this zone 

(Figure 82D) is thought to be initiated in diabetic lenses by the intracellular accumulation of 

membrane-impermeable glucose metabolites (Brown, 1996). Cells deeper or peripheral to this zone of 

damage appear morphologically normal even in advanced cataract, while the zone of cell damage 

eventually undergoes liquefaction with gross disruption of cellular architecture (Bond et al., 1996).  
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Figure 82 – Disruption of lens fibre cell volume contributes to cell damage sustained in diabetic cataract. A – 
Normal lens equatorial section. B – Scanning electron microscope (SEM) image of cortical lens fibre cells from a 
normal rat lens – note the regular hexagonal arrangement of the cortical fibre cells. C – Lens section from a 
streptozotocin-treated diabetic rat, scale bar 50 μm. D – SEM image of cortical fibre cells from a diabetic rat lens – 
note the gross swelling of cortical fibre cells. Modified from Bond et al., 1996. 

The apparent vulnerability of fibre cells within this cortical zone of ion influx to osmotic damage 

may perhaps be explained with reference to the ion transport properties of the cells in this zone. This 

study has demonstrated the presence of volume-sensitive lyotropic anion channels in fibre cells from 

the zone of ion influx. Due to their location relative to transmembrane voltage gradients created by the 

resistive extracellular space, these cells mediate a physiological influx of ions into their cytoplasmic 

space which is directed towards the equator by numerous gap junctions. Under normal circumstances, 

matching of ionic fluxes between cells in the zones of ion influx and efflux results in a stable system 

which maintains cell volume and convects nutrients towards deeper internalised fibre cells. 
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In diabetic cataract, cells in the lens accumulate impermeable glucose metabolites such as 

sorbitol (Bron et al., 1989), which introduces an osmotic swelling stress under isotonic conditions. The 

membrane stretch induced by this swelling would lead to potentiation of volume-sensitive anion fluxes 

within cortical fibre cells, which in the peripheral lens would mediate anion efflux and hence tend to 

offset the osmotic imbalance. However, in fibre cells located within the zone of ion influx, 

potentiation of these volume-sensitive anion channels would lead to increased ion influx, further 

exacerbating cells swelling. Additional membrane stretch may then trigger activation of stretch-

sensitive non-selective cation channels, whose presence has been demonstrated in this study within 

isolated fibre cells. Opening of these channels would initiate a destructive cascade consisting of local 

cellular depolarisation (due to Na+ influx), voltage and/or calcium-dependant gating of gap junctions 

(due to concomitant Ca2+ influx), disturbance of standing transmembrane ion gradients, which would 

lead to further cell swelling and ion influx. At a critical point in this process, Ca2+ influx activates 

intracellular proteases, leading to cytoskeletal degradation, loss of cellular morphology, and 

uncontrolled swelling followed by vesiculation of fibre cells within this focal cortical zone. Increased 

light scatter resulting from cortical vesiculation would compromise visual acuity by this point. The 

metabolic and electrical isolation of the nuclear region which results from this concentric cortical 

damage would also lead to metabolic compromise of lens nucleus due to gap junction closure and 

rundown of the internal circulation system. The resulting osmotic disturbance and calcium influx in 

this nuclear zone would then lead to protein cleavage and aggregation, protein precipitation, and 

ultimately opacification of the lens nucleus. 
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Figure 83 – A causal cascade for diabetic cataractogenesis 

The relationship between raised intralenticular calcium and cataract has been known for some 

time, with both global and localised calcium accumulation observed in nuclear and cortical cataract 

respectively (Duncan and van Heyningen, 1977; Hightower and Reddy, 1982b; Duncan and Jacob, 

1984). Numerous investigators have described the activation of “membrane leak pathways” in 

cataractic lenses, leading to pathological increases in intracellular calcium (Duncan and Jacob, 1984; 

Duncan et al., 1994). Increases in intracellular calcium concentration can initiate destructive changes in 

lens fibre cells - altering membrane and junctional conductances (Alvarez et al., 1995; Gao et al., 2004), 

activate calcium-sensitive proteases which degrade cytoskeletal proteins (Sanderson et al., 2000), and 

trigger cell disintegration (Wang et al., 2001).  
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Fibre cells in the intact lens are known to possess a finite Na+ permeability in vivo (Mathias et al., 

1997). In this study, I have identified two distinct non-selective cation conductances in isolated fibre 

cells which mediate this Na+ permeability. The activation of either of these conductances can lead to 

the vesiculation of isolated fibre cells, suggesting that they are also permeable to Ca2+. Thus, while it 

remains uncertain whether these identified non-selective cation channels have a physiological role in 

the normal lens, their hyperactivation may mediate the calcium overload which precedes fibre cell 

disintegration in cataractogenesis. The alteration in membrane properties which occurs during fibre 

cell “activation”, documented in this study, thus provides important information regarding the cellular 

basis of cortical cataract. If interpreted correctly, these observations indicate that non-selective cation 

channels may be attractive pharmacological targets for the development of novel anti-cataract 

therapies 

Thus it would seem that the proximate cause of diabetic cataract may not be the osmotic load 

imposed by the membrane-impermeable glucose metabolites trapped in fibre cells, but the destructive 

calcium influx mediated by cation channels gated open by membrane stretch. While peripheral cells 

have been shown to possess volume regulatory mechanisms, and hence survive this increased osmotic 

load, the presence of volume-sensitive anion channels in a cortical zone where anion influx is favoured 

by transmembrane voltage results in exacerbation of cell swelling, catastrophic calcium overload, and 

fibre cell vesiculation. Armed with a viable isolated fibre cell preparation, it should now be possible to 

test this idea. 
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Appendix A 

Technical considerations of using gadolinium 
Gadolinium is a highly-charged cation with wide efficacy in blocking many non-selective cation 

channels, including the classical “mechanoreceptive” stretch-gated cation channel thought to be the 

transducer mediating mechanosensory function in many cells (Hamill and McBride, 1996; Hamill and 

Martinac, 2001). While useful in modulating such mechano-gated channels, the specificity of the 

compound is far from narrow. Ionic gadolinium (Gd3+) has been suggested to act antagonistically at 

certain classes of K+, Ca2+ channels, and Cl- channels (Hamill and McBride, 1996; Jentsch et al., 2002). 

However the same compound is also an ineffective or low-potency antagonist in certain classes of 

(typically non-mechanogated) non-selective cation channels (as in Alzheimer, 1994). Gd3+ has also 

been reported as an opener of VDAC anion channels in some preparations (Thinnes et al., 2000), and 

even suggested as a potential adjunctive treatment for cystic fibrosis by opening the parallel ORCC 

chloride channel complex present in airway epithelia (Thinnes et al., 2001).  

A.1 Charge Shielding by Gd3+ 
Being a highly-charged cation, Gd3+ is highly attracted to the electrostatic surface of the plasma 

membrane, and the alteration of membrane-adjacent potential fields by such cationic adsorption has 

been shown to alter channel behaviour in a number of preparations (Hille, 2001). Thus, it would seem 

immediately advantageous in the present study to limit [Gd3+] to a level consistent with cell survival 

and minimise any “charge-shielding” effects. The poorly-fit data from the [Gd3+] dose-response 

analysis presented in section 3.4.2 was re-examined in light of this conceptual framework, and a linear 

term ψ  was included in the fitted sigmoidal relationship to account for the [Gd3+]-dependent non-

specific effect of charge shielding (Equation 1).  

Equation 1 

x
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y Max ψ+
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The plots of each fitted term in the equation are compared to the raw data in Figure 84. 

Subtraction of the linear non-specific effect from the Rm dose-response data yielded an excellent fit to 

a single-site binding model (Figure 85B), from which a KD (50% block) of 76.8 μM was calculated for 

the effect of Gd3+ on Rm. Thus at 1 mM [Gd3+], “specific” inhibition of linear leak by Gd3+ is 

approximately 90% of maximal, while the contribution of the non-specific charge-shielding effect is 

less than 14% of the total improvement in Rm. 
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Figure 84- Determination of optimal [Gd3+] for improvement in membrane resistance. A – Detection of a non-
specific effect on Rm by Gd3+, whose inclusion in the fitted equation results in an excellent fit (“specific”, A) to a 
single binding-site model (see Equation 1). B – Error-weighted least-squares regression fit of single-site binding 
model of precipitation to Rm data, with non-specific effect ψ subtracted. KD=76.8 mM 

A.2 Solubility of Gd3+ compounds 
Caldwell (1998) recognised and reported a number of technical limitations using gadolinium ions 

in live cell functional studies, mostly linked to the low solubility of many rare-earth compounds in 

aqueous solutions (Caldwell et al., 1998). For this reason, the use of HCO3
- and PO4

3- buffers was to 

be “strenuously avoided” (sic) due to formation of insoluble precipitates. In the course of these 

experiments the formation of insoluble precipitates by addition of pharmacological agents to aqueous 

solutions of Gd3+ was observed in a number of circumstances, even at very low [Gd3+] concentrations. 

The addition of multivalent cations to a freshly dissociated, drug-free fibre cell preparation also often 

resulted in the formation of a light precipitate of fibrous material, which formed a loose mat over the 

plated cells. This material appeared to be composed of partially-digested capsular fragments and 

filaments, and proved to be quite useful in mechanically stabilising the cells while under perfusion. The 

propensity of ionic Gd3+ for such precipitation was not always advantageous, however. While the use 

of HEPES buffer circumvented the known precipitation of inorganic buffers, many of the 

pharmacological reagents whose use was attempted during these studies (NPPB, DIDS, DIOA) 

appeared to interact strongly with Gd3+ in solution and the formation of precipitates was noted in a 

number of experiments. Thus, an additional requirement for minimising [Gd3+] was introduced: to 

maximise the free concentrations of pharmacological agents in experimental manipulations, as well as 

to avoid charge-shielding effects, but also to maximise beneficial effect on cell viability and membrane 

properties. 
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Spectrophotometric analysis of insoluble precipitates from several organic pharmacological 

agents in the presence of ionic Gd3+ in solution was performed to determine an optimal [Gd3+] 

consistent with appreciable free inhibitor concentration in solution, thus manipulating the following 

equilibrium: 

Equation 2: 

)()(3 inhibitorGdinhibitorGd k⎯→←+ −+  

Standard bath solutions containing working concentrations of inhibitors (working [NPPB], 

[DIDS], [DIOA] - all 100 μM) were used as “blank” standards since they generated no precipitate in 

the absence of Gd3+. Aliquots of these media were then placed in plastic spectrophotometer cuvettes 

and a logarithmic dilution series of increasing [Gd3+] was created by pipetting appropriate volumes of 

concentrated or diluted GdCl3 stock solution directly into each cuvette immediately prior to analysis. 

Cuvettes were then capped with Parafilm and rapidly inverted several times to mix the contents before 

being placed in a spectrophotometer equipped with UV and visible wavelength illumination (Hach 

DR/4000U, Loveland CO, USA). Absorption (Abs) vs. wavelength (λ) spectra were created for 

“blank” (no precipitate) solutions (each used as “blank” reference), and the formation of precipitate 

was then assessed by adding 3mM Gd3+ (the highest concentration tested). The wavelength of 

maximal change (ΔAbs λmax - representing absorbance of Gd3+-agent precipitate) was identified 

between 300-650 nm for each compound (Figure 85A), and this wavelength was then used to monitor 

precipitate levels in varying [Gd3+] (Figure 85).  
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Figure 85 – Spectrophotometric analysis of precipitate formed by addition of Gd3+ to transport inhibitor 
solutions. A – Absorption spectrum of precipitate formed by adding 3 mM [Gd3+] to working [agent]. Indicated 
maximal absorption peaks (Δabs λmax) for each precipitant were used in subsequent analysis- DIOA 100 μM (λmax 
510 nm), DIDS 100 μM (λmax 420 nm), NPPB 100 μM (λmax 485 nm). B – Spectrographic analysis of precipitant 
formation on increasing [Gd3+], measured at Δabs λmax (from B). ■ – DIOA 100 μM, ▲ – DIDS 100 μM, ▼ - NPPB 
100 μM. 
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Descriptive relationships of precipitate formation were determined for each compound across a 

range of different [Gd3+] (Table 13) to characterise precipitate formation in the presence of Gd3+ ions.  

Table 13 – Spectrophotometric analysis of the precipitation of anion transport inhibitors by Gd3+ in solution. 

In the presence of 1 mM [Gd3+] 
Agent KD(Gd.agent) (μM) [Agent]total [Agent]bound 

(μM) 
[Agent]free 

(μM) 
DIOA 60.33 100 94.33 5.67 
DIDS 105 100 0.021 99.98 
NPPB 150.31 100 86.95 13.05 

It was found that DIOA had the lowest KD, and therefore the highest interaction in solution, 

with ionic Gd3+, with 50% bound at 60.3 μM [Gd3+]. NPPB had a slightly higher KD of 150.3 μM. 

Since DIOA (94%) and NPPB (86%) both exist in significantly bound form in the presence of 1 mM 

[Gd3+], their actual free concentrations were substantially lower than that added to solution. This could 

explain the occasional spurious negative result observed on exposure of fibre cells to some of these 

compounds, at concentrations which were effective on other cells under similar circumstances.  

Due to the limited [Gd3+] range used, the fitting of the DIDS data to the single-site binding 

model resulted in an unfeasibly high KD, and thus should be cautiously interpreted. A significant 

underestimation of the bound DIDS fraction is suspected, since the formation of Gd3+-DIDS 

precipitate was significant enough to be visible to the naked eye. Observation of in-bath precipitation 

down the microscope revealed small crystals of precipitate settling all over the preparation, which were 

not entirely removed by subsequent perfusion. The inability to completely wash out compounds on 

occasion could therefore be attributed to slow dissolution of these precipitates into re-suspension, thus 

buffering [agent-] in solution for the remainder of the experiment. Such experiments were therefore 

often limited to “one shot” application of these compounds, with the resultant loss of utility of the 

remaining preparation – a slow and painful way to collect data, and not conducive to exhaustive 

pharmacological characterisation using these compounds in the presence of Gd3+. 
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A.3 Quenching of Ca2+ indicators by multivalent cations in aqueous solution 
During part of this investigation, isolated fibre cells were loaded with the calcium indicators 

Fura-2AM and Fluo-3AM, whose intracellular cleavage and excitation by incident laser light gives a 

fluorescent signal intensity proportional to [Ca2+]i. Since the resulting preparation was then maintained 

in the presence of Gd3+ ± Co2+, it was resolved to test whether these ions had any effect on signal 

levels from these fluorophores. It remains uncertain whether either of these multivalent cations can 

enter viable fibre cells, but the quenching of Fluo-3 signal by Ca2+-competitive divalent cations such as 

Mn2+ is commonly used to calibrate minimum signal levels at the end of Ca2+ imaging experimental 

protocols (Chandra et al., 2002). To achieve this, small aliquots of AAH containing 5 μM of de-

esterified Fluo-3 plus EGTA and/or multivalent cations as indicated were plated onto a microscope 

slide and examined under fluorescent illumination on an inverted microscope. Emission spectra were 

obtained for visible wavelengths between 400-550 nm and the relative signal intensities recorded in 

grey levels as measured from regions of interest taken from the video system.  

The addition of 1 mM Ca2+ to Fluo-3 gave a strong signal which was much reduced in the 

presence of 1 mM EGTA (Figure 86A). The addition of 1 mM Gd3+ in the presence of 1 mM Ca2+ 

attenuates the fluorescent signal across the spectral range by approximately 50%, while the addition of 

1 mM Gd3+ to 1 mM EGTA seems to create a spurious signal, perhaps by substituting for Ca2+ in 

binding to Fluo-3. In addition, it was found that cobalt ions (Co2+) also appeared to interact with de-

esterified Fluo-3 in solution, with the Ca2+-sensitive signal heavily attenuated (~90%) by addition of 4 

mM Co2+ in the presence of physiological [Ca2+]. The addition of Co2+ to nominally “Ca free” AAH 

also reduced Fluo-3 fluorescence, indicating that Co2+ competes with Ca2+ in binding to Fluo-3 while 

quenching fluorescent output. 
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Figure 86 - The effect of Gd3+ and Co2+ on Fluo-3 emission in the presence and absence of Ca2+. A – Addition 
of 1 mM Ca2+ creates a large, [Ca2+]-dependent signal, which is attenuated by ~50% by addition of 3 mM Gd3+. 
Interestingly, Gd3+ addition appears to create a spurious signal in the presence of 1 mM EGTA, which should reduce 
[Ca2+] to vanishingly low levels. B – Addition of 4 mM Co2+ to AAH ( [Ca2+] 2.5 mM) attenuates the Ca2+-
dependent signal by ~90%. Addition of the compound to nominally “Ca free” AAH reduces Fluo-3 signal, 
indicating that Co2+ competes potently for Ca2+ binding to Fluo-3 while quenching fluorescent output significantly. 
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It can thus be seen that exogeneous multivalent cations, if present intracellularly, can alter the 

behaviour of calcium indicators. It remains uncertain whether extracellular Gd3+ or Co2+ could be 

expected to enter viable isolated cells, but the observed effect of multivalent cations on Fluo-3 signal 

suggests that this possibility should be excluded prior to intensive calcium imaging efforts in the 

presence of these ions. The presence of multivalent cations appears to result in either quenching 

and/or production of spurious signal due to competitive binding to Fluo-3. The presence or absence 

of Gd3+ in the intracellular compartment could be verified by ultrastructural examination using 

transmission electron microscopy, since Gd3+ is highly electron dense, thus potentially addressing this 

limitation in future studies involving calcium imaging in the presence of Gd3+. 

A.4 Summary 
In summary, the use of ionic gadolinium provides great benefit in maintaining cell viability 

through blockade of Ca2+ leak, presumably by inhibiting non-selective cation channels, but comes at 

the cost of significantly limiting experimental approach. These limitations necessitate careful 

experimental design and analysis. The more serious of these potential limitations have been detailed 

here, and addressed where possible within the limits of my data. It would now be desirable to identify 

alternative pharmacological agents to Gd3+ which might maintain cellular viability but allow greater 

scope for functional analysis of the preparation. Alternatively, future efforts to examine functional 

isolated fibre cells could be designed with cogence of these potential limitations, and experimental 

protocols optimised accordingly. 
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Appendix B 

Biophysical analysis 
In this Appendix, the theoretical basis of the biophysical measurements undertaken in this study 

is outlined, and analytic methods discussed. These approaches are broadly applicable to the analysis of 

electrophysiological data as described in the text. 

B.1 Capacitance transient analysis 
The membrane of a cell under whole-cell voltage clamp responds to a step change in voltage by 

altering its transmembrane voltage in an exponential fashion. The behaviour of the membrane can be 

modelled electrically as a resistor (Rm) and capacitor (Cm) in parallel, the voltage across which is altered 

by current injected through a second resistor (Ra) in series with the components above (Figure 87A). 

The application of voltage transition (Vcmd) to the R-C network thus formed causes charging current to 

flow via Ra into the capacitor, which is maximal on application of the transition, but which decrements 

as the voltage (Vm) across Cm approaches Vcmd, according to a time-course (τ) described by a single 

exponential decay (Equation 3).  

Equation 3 

C

t

A IeItf +=
−
τ)(  

 

The parameters IA, IC and τ yield key information about the properties of the cell membrane as a 

whole, and the analysis of such capacitive transients is commonly used to characterise key membrane 

parameters in cells under electrophysiological investigation (reviewed in Jackson, 1997; Hille, 2001). 

Since the intent is to characterise resting membrane properties, the command voltage is commonly 

given in a hyperpolarising direction from a negative holding potential, and is of a magnitude chosen to 

cause minimal change in the gating of any voltage-dependent conductances present in the cell. Yielded 

parameters are thus manipulated to give estimates of physiologically-relevant membrane properties in 

the following ways: 
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B.1.1 Membrane resistance (Rm) 
The steady-state current (IC) flowing in response to a known voltage step (Vcmd) gives membrane 

resistance via Ohms’ Law (V=IR), hence: 

Equation 4 

C

cmd
m I

VR =  

Membrane resistance quantifies membrane “tightness” to current flow at the holding potential  

(VHold, -40 mV), and is equivalent to the inverse of the total membrane conductance (gm):  

Equation 5 

m
m g

R 1
=  

Total membrane conductance quantifies the available pathway for current-carrying ions to cross 

the entire cell membrane, independent of the size of that membrane. 

B.1.2 Access resistance (Ra) 
Instantaneous current (IA) provides a measure of the current flow immediately on application of 

a voltage transition. At this time, where t=0, the driving force for current entering the cell membrane 

is equal to Vcmd and thus the “access” resistance (Ra) posed to current flowing to charge Cm is given by: 

Equation 6 

A

cmd
a

I
VR =  

Access resistance directly affects the clamping quality of the cell under study. By posing a barrier 

to charging current, high Ra causes the “settling time” of the clamp, given by τ, to be elongated and 

thus can obscure rapid events in cellular response to applied voltage. By lying in series with Rm, Ra can 

also cause Vm to deviate from Vcmd by altering how voltage partitions across the voltage divider thus 

formed, giving rise to so-called “series resistance” error (see 9.3.1 below). 

B.1.3 Membrane capacitance 
The voltage across Cm (equivalent to the transmembrane voltage, Vm) is thus changed towards 

Vcmd over an exponential timecourse, whose duration (given by τ) is proportional to Ra, hence: 

Equation 7 

a
m

R
τC =  
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Thus it is demonstrated that the magnitude of both Cm and Ra affect the settling time of the 

voltage clamp, and cells with larger capacitance will have a longer charging constant (τ) at a given 

access resistance (see Figure 30). 

B.1.4 Membrane area estimation from Cm 
Since membrane area is directly proportional to Cm, and biological membrane has an 

approximate area capacitance of 1 μF/cm2 (Hille, 2001), cell membrane area can be directly estimated 

from Cm by the following relation: 

Equation 8 

k
mCA = , where k = 1 μF/cm2 

B.1.5 Specific conductivity and area-specific conductivity 
Whole-cell membrane conductance gm quantifies the presence of parallel conductive pathways in 

the cell membrane, with no consideration of the membrane area over which these pathways are 

distributed. Since larger (or longer) cells contain much more membrane area than do shorter cells, and 

consequently have a higher capacitance, it is common to normalise conductance gm against Cm to give 

an estimate of specific conductance (gs, in pS/pF): 

Equation 9 

m

m
s C

g
g =  

In working with cultured cell systems, or those of roughly similar dimensions, such an approach 

is adequate, since this normalisation allows conductivities to be directly compared between treatment 

groups, etc. However, the aim of characterising the membrane properties of isolated fibre cells 

required direct comparison of data not just between groups, but also with historically-published 

estimates of parameters established by other approaches (summarised in Mathias et al., 1997). Thus, 

area-specific conductance estimates (ρs) were derived for isolated fibre cell data by relating total 

membrane conductance to cell membrane area, thus giving values in units of pS/μm2 of fibre cell 

membrane: 

Equation 10 

A
gm

s =ρ where A is in μm2 

These terms (specific and area-specific conductivity/conductance) are used interchangeably in 

this thesis where direct comparisons between groups are presented, while area-specific conductivity is 
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used exclusively in comparisons with previously published data derived from other techniques such as 

impedance analysis (Baldo and Mathias, 1992). 

B.2 Quantifying sources of error 
While the whole-cell patch clamp technique is an immensely powerful tool for the analysis of 

cellular electrophysiology, it suffers from a number of potential sources of error (see section 4.3) 

whose avoidance necessitates careful experimental design and approach (reviewed in Jackson, 1997). 

B.2.1 Modelling series resistance error 
One of the major assumptions inherent in whole cell patch clamping is that the applied voltage 

(Vcmd) exists across the cell membrane at steady state. This assumption is valid so long as cell 

membrane resistance (Rm) greatly exceeds that of the pipette-cytoplasmic pathway which connects the 

pipette interior to the cell interior. This resistive pathway, the series or “access” resistance (Ra), is 

present in series with (Rm) in the circuit controlled by the patch clamp amplifier (Figure 87A), and 

hence Vcmd is partitioned across both resistive components in a weighted fashion, forming a voltage 

divider. Series resistance error causes Vm to deviate from Vcmd, and this deviation is dependent the ratio 

between Rm and Ra (Figure 87C). Resultant overestimation of Vm can lead to underestimation of peak 

currents and distortions in the apparent voltage dependence of membrane conductances (Hille, 2001). 

As Rm falls, and hence transmembrane current increases, the current to charge Cm and effect voltage 

change must pass through Ra, increasing voltage error. High Ra also limits the rate at which Cm can be 

charged, and hence affects the settling time of the voltage clamp (see 9.2). Thus, it is desirable to 

minimise Ra on entering the whole-cell recording configuration. Alterations in transmembrane 

conductance during experimentation can also spontaneously create voltage error, even with low 

known Ra, by changing the Rm:Ra ratio (Figure 87A,C). Dynamic changes in transmembrane current 

can thus dynamically affect voltage error, especially where Rm falls to with an order of magnitude of Ra 

(Jackson, 1997; Hille, 2001). 

To quantify the likely extent of series resistance error in the recorded data, the effect of altered 

Ra and transmembrane current on cell membrane potential (Rm) in response to an applied voltage step 

(Vcmd) was modelled according to Equation 11 (Figure 87C). 

Equation 11 

cmd
ma

mcmd
m V

RR
RVV ≈

+
=

)(
 ( as Rm:Ra increases, ≈  = ) 

It can be seen from the model simulation (Figure 87C) that voltage error (scalar) becomes 

pronounced with increasing Ra, and is greatly exacerbated by high current delivery required for voltage 

clamp. 
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Figure 87 – Series resistance error in whole-cell patch clamp of isolated fibre cells. A – Equivalent circuit of the 
whole-cell patch clamp configuration. B – Binned distribution of Ra values from isolated fibre cell recordings 
(n=189). C – decrement in voltage (scalar) with altered access resistance (Ra) at different Rm values. 
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B.2.2 Modelling space clamp error 
Quantification of cell membrane area conductance (ρs) allowed estimation of cell cable 

properties in a manner similar to that applied to neurons with elongated processes (Equation 12) 

(Jackson, 1992; Hille, 2001). This geometric approximation describes simply how voltage partitions 

along the intracellular conductive route (Ri) in the presence of parallel conductance pathways across 

the membrane (1/ρs), and depends directly on cell (or process) diameter and the ratio between 

membrane and intracellular resistivity per unit length. 

Equation 12 

i

s

R
d

4
ρ

λ =  

Where λ is membrane electrotonic length constant, ρs is membrane area conductance, Ri is 

intracellular resistivity (in Ω cm2, or Ω cm), and d is cell diameter (in cm). 

Analysis of fibre cell membrane parameters allowed calculation of λ from membrane resistance 

and capacitance data, since Cm gives an estimate of membrane area (~1 μF/cm2 (as used in Mathias et 

al., 1997)). Ri has been estimated in rat lens fibre cells at ~ 110 MΩcm-1 by impedance methods (Baldo 

and Mathias, 1992), and average cell diameter was calculated using the gradient of Cm increase with 

length established from linear regression in Figure 31D, which would predict a perimeter (hence 

circumference) of 26.7 μm (see section 4.3.2). It is possible to estimate voltage along an idealised 

cytoplasmic “cable” by solving a hyperbolic cosine function for distance (Equation 13).  

Equation 13 

)cosh(
)cosh()(

L
XLXV −

=   

Where X is length in units of λ, and L is the value of X at the end of the process or cell 

(Jackson, 1997). The propagation of such an applied voltage stimulus through an idealised cable is 

shown in Figure 32C, detailing the fall-off in voltage (scalar) with distance (λ). 
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B.2.3 Creation of an electrotonic decay factor (ξ) 
To quantify maximum expected voltage error due to space clamp at the tips of an elongated 

fibre, a decay factor (ξ) was created based on the length of the cell expressed as multiples of λ 

(Equation 14).  

Equation 14 

λ
ξ

2
length

=   

Creating this factor quantifies maximal voltage error at the tips of an elongated fibre cell, since 

voltage propagation falls with distance at e-fold per λ. Thus, ξ introduced is analogous to L (Equation 

13), but cell length is halved to account for the bidirectional current spread induced by centrally 

locating the patch electrode (Figure 32). 
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B.3 Morphological descriptors of whole-cell currents 

In light of the variability in whole-cell current morphologies observed in isolated fibre cells, 

whole-cell currents were examined for morphological descriptors which would group like cells for 

ongoing analysis. Whole-cell current-voltage relationships (Figure 88B) were determined by application 

of stepwise or ramped voltage protocols as described above, and average steady-state (Iss) or 

instantaneous (I0) currents were measured (Figure 88A) and manipulated as described below to derive 

morphological descriptors which would best delineate current morphology changes with length in 

isolated fibre cells. 
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Figure 88 – Measurement of whole-cell currents for construction of morphological descriptors. A – Whole-cell 
family of step-IV currents, showing locations from which average instantaneous (I0) or steady-state current (Iss) were 
measured. B – Isolated fibre cell current-voltage relationship, showing the derivation of the various current 
morphology descriptors used. 

Depolarisation and hyperpolarisation-activated current (Iss ±100mV, Figure 88A, B) were measured 

from the average steady-state current flowing at Vm=±100 mV, in the last ~200 ms of the voltage 

protocol. “Envelope” current (IEnvelope) was calculated according to (Equation 15), hence quantifying 

the magnitude of the entire whole-cell current at ±100 mV.  

Equation 15 

|| 100100 mVmVEnvelope III −+ +=  

The relative position of zero current within the whole-cell current is calculated according to 

Equation 16, and is expressed as the percentage of the current-voltage relation present at depolarised 

potentials over the entire current envelope (% +ve IV). 

Equation 16 

100% 100 ×=+ +

Envelope

mVve

I
I

IV  
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B.3.1 Creation of a rectification ratio (ζ) 
Taking the ratio of outward, depolarisation-activated current (Iss+100mV) over the inward, 

hyperpolarisation-activated current (Iss-100mV), according to Equation 17, gives the factor ζ, defined as 

the “rectification ratio” of the whole-cell current. 

Equation 17 

mVss

mVss

I
I

100

100

−

+=ζ  

High rectification ratios (ζ>1) thus indicate a relative dominance of outward over inwards 

current (outward rectification), while low values (ζ<1) indicate inwardly-dominated/inwardly rectifying 

whole-cell currents. 

B.3.2 Analysis of whole-cell current kinetics 
The whole-cell currents of isolated fibre cells exhibited significant variability in activation and 

inactivation kinetics, which were investigated by the construction of morphological descriptors that 

attempt to describe these time-dependant alterations in current at large depolarising and 

hyperpolarising voltages. Such morphological descriptors included the initial current (I0) at ±100 mV, 

taken immediately after stabilisation of the Cm charging transient, the steady state current (Iss) taken at 

the end of a 1-second voltage pulse, and the % change between the absolute values of these 

measurements, referred to as current augmentation: 

Equation 18 
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Positive values of current augmentation indicate delayed activation of whole-cell current, while 

negative values indicate decrement, or delayed inactivation, of whole cell current at ±100 mV. Since 

both the magnitude and rate of current alteration seemed to vary between fibre cells, single 

exponential functions (of the form in Equation 3) were also fit to whole-cell currents at ±100 mV, and 

analysis of time constants (τ, Equation 3) was used in investigation of time-dependant changes in 

whole-cell currents. 
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B.4 The physiological basis of the negative intracellular potential 
The lipid membrane surrounding cells and organelles is an effective electrical insulator. While 

water is free to move across the membrane in response to osmotic gradients, ions and other charged 

molecules are generally impermeable. Large molecules such as protein, nucleotides, etc carry a high 

density of negative surface charge for which intracellular cationic counterions must also exist for 

electroneutrality. Lens cells in particular contain large amounts of soluble macromolecules (such as 

crystallin proteins), and thus intracellular inorganic anion activity must be lowered, else the resulting 

osmotic load would result in catastrophic cell swelling and perhaps lysis. 

Most cells avoid this situation by maintaining a negative intracellular potential under resting 

conditions – the so-called “resting membrane potential” (Vm). This negative intracellular potential is a 

functional necessity for all cells, to oppose diffusion of Cl- ions down their transmembrane 

concentration gradient. This negative intracellular potential is the result of a set of transmembrane ion 

gradients, which are set and maintained by the action of the Na+/K+ ATPase. While the chief external 

cation present in interstitial fluid is Na+, the predominant cation intracellularly is usually K+. The 

Na+/K+ ATPase maintain this electrochemical gradient by exporting Na+ and importing K+, and is 

itself electrogenic, with a stoichiometry of three K+ imported to two Na+ ions exported from the cell 

using energy from ATP hydrolysis. K+ ions accumulated above their electrochemical equilibrium in the 

cell cytoplasm are allowed to diffuse out of the cell via K+ selective membrane ion channels, thus 

creating a net export of positive charge from the cell and thus a negative intracellular potential. Loss of 

intracellular K+ continues until equilibrium is reached between the concentration and electrical 

potential gradients thus generated. Electrochemical equilibrium is achieved at the so called Nernst or 

“reversal” potential (Erev), where the concentration-dependant efflux is balanced by electrostatically-

driven influx, and which is calculated from the Nernst potential equation:  

Equation 19 
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Where EK is the Nernst potential for the ion (in this case K+), the subscripts i and o refer to the 

intracellular and extracellular ion concentrations respectively, R is the universal gas constant (8.631), T 

is the temperature in Kelvin, z is the ion valency (+1 for K+), and F is Faradays’ constant (96500 

C/mol). 
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Since the membranes of most cells contain a finite permeability to several mobile ions, the 

measured transmembrane potential encompasses parallel contributions from all permeant species, 

weighted according to their relative permeability through the membrane barrier. This relationship is 

defined by the Goldman-Hodgkin-Huxley potential equation:  

Equation 20 
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Where Vm is the transmembrane potential, and α and β are permeability ratios such that 

α=PNa/PK and β=PCl/PK.  

Thus, Vm can be shown to depend upon the relative permeabilities of permeant ions (Figure 90), 

and also their relative concentrations in the intracellular and extracellular compartments. It should also 

be noted that in the lens a significant proportion of many of the principle intracellular ions exist in a 

bound state (Paterson and Eck, 1971; Duncan and van Heyningen, 1977) and only free concentrations 

of ionic species influence the transmembrane potentials generated.  
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B.4.1 Measurement of reversal potential (Erev) 
Whole-cell currents in isolated fibre cells were recorded in response to applied voltage protocols, 

consisting of periods of clamp at the holding potential (-40 mV) followed by either progressive, step-

wise transitions to different voltages or by ramping Vm in a continuous fashion between hyper- and de-

polarised potentials (Figure 12). Each type of protocol has its own utility in cellular characterisation, 

since discrete steps to various potentials can reveal voltage-dependent gating or activation properties 

of component conductances, while the use of ramps allows current-voltage relationships to be probed 

in a continuous fashion. While reversal potentials can be derived from interpolation of current-voltage 

relationships generated from stepwise DC voltage transitions, the application of voltage ramps has 

been shown to yield identical values in a more rapid and continuous fashion in whole-cell 

measurements from ocular lens epithelia (Rae and Cooper, 1990). A high correlation between methods 

was also found in isolated fibre cells (Figure 89), and hence reversal potential measurements derived 

from either method are referred to interchangeably in this report.  
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Figure 89 – Extraction of I-V relation data from ramp vs step voltage protocol. A – Current data recorded 
during ±100 mV voltage ramp protocol, 2 sec duration. B – Current data recorded during ±100 mV step voltage 
protocol. C – Extracted current-voltage relationships showing close correlation between ramp (line) and step IV data 
(circles). 
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B.4.2 Ion Channels and selectivity 
Ion channels are protein molecules which form aqueous, hydrophilic pathways which allow 

charged ions to transit the hydrophobic lipid membrane. The hydrophilic pore is formed by the 

apposition of usually several separate transmembrane protein domains, which may be contributed by 

separate protein subunits (as in voltage-gated K+ channels) or exist within a single subunit (as in ClC 

channels, which contain two symmetrical pores within individual monomers (Babini and Pusch, 

2004)). The process of permeation is tightly controlled in most cases, with permeant ions transiting an 

hourglass-shaped pore comprising an enlarged vestibule at both membrane surfaces and a narrow 

waist, which contains the ion selectivity filter. The selectivity of ion channels for particular ionic 

species is a result of the electrostatic properties of the residues lining the pore, which interact closely 

with the permeating ion in its transition through the membrane. Ions in aqueous solution exist within 

a “hydration shell” of water molecules which makes the entire complex somewhat larger than the 

selectivity filter, and thus some or all of the hydrating water molecules must be removed during 

permeation. The partially charged side chains of polar pore-lining amino acid residues form temporary 

substitutes for these bound water molecules and thus allow permeating ions to be desolvated and 

funnelled through the selectivity filter. 

The non-linear size- and geometry-dependant nature of these molecular interactions produces a 

characteristic selectivity sequence which discriminates between permeant solutes (Smith et al., 1999). 

This characteristic selectivity profile results from the structure and composition of the hydrophilic 

permeation pathway transited by the ions. Thus, the selectivity sequence of ion channels becomes a 

useful and highly descriptive “fingerprint” from which many of the broad properties of the channel 

pore may be inferred. In the absence of specific inhibitors, channel ionic selectivity sequences are 

commonly used to aid channel identification, or categorise conductances into generalised groups 

displaying similar permeation properties (Jentsch et al., 2002). Anion channels and other anionic 

binding sites often display lyotropic selectivity – in that they preferentially bind ions which are easiest to 

dehydrate (Smith et al., 1999). Thus the larger the ionic radius, and therefore the weaker the ion binds 

to hydrating water molecules, the easier the ion enters the binding site in the selectivity filter. 
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The relative permeability of different ionic species through anion (or any other) channels can be 

quantified by replacing permeant anions with other, “foreign”, test anions and measuring their effect 

on current reversal potential, whose magnitude and direction of alteration gives a quantitative estimate 

of relative permeability of the tested anion relative to Cl- (PAnion:PCl). The implicit assumption made in 

this calculation is that the contribution of other conductances to the current reversal potential are 

minimal, or at least unchanging between test situations. If this holds true, then the alteration in whole-

cell current reversal potential is due to an alteration in the fractional contribution of the conductance 

of interest (see 9.6.2), triggered by altered permeation at the single-channel level. Ideally, by 

manipulation of the other ion species to produce conditions which make this assumption as true as 

practicable, the permeability ratio PAnion: PCl can be calculated directly from Equation 21: 

Equation 21 

o

oo
rev

Cl

Anion

Anion

ClCl
zFRT

E

p
p

][

][][
/

exp ′−−⎟
⎠
⎞

⎜
⎝
⎛ Δ

= where '
o

- ][Cl represents extracellular Cl- concentration 

in the new bathing solution. Because the permeability ratio is calculated directly from the measured 

change in reversal potential (ΔErev), it is imperative to make accurate voltage measurements. Thus, 

correcting for potential errors which result directly from altering ionic concentrations is imperative as 

described in the following section. 
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B.4.3 Junction potential correction 
Liquid junction potentials are created in whole-cell patch clamping when the bath solution is 

changed, since the concentration and mobility of component ions within the new solution differs from 

that in which the amplifier offset was zeroed prior to seal formation. Junction potential corrections are 

particularly important in patch-clamp measurements, and failure to apply them can typically result in 

voltage errors of up to 10 mV (Neher, 1995). Junction potential corrections are especially relevant to 

this study, since the Ag/AgCl reference electrodes used for grounding the bath and making the 

internal pipette connection are sensitive to alterations in Cl- activity in the surrounding solution. Thus 

when a new bath solution containing an altered [Cl-]o is perfused into the chamber, an electrode 

potential develops which is given by Equation 22: 

Equation 22 
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where Ve refers to the potential of the electrode with respect to the solution; V0 is the standard 

electrode potential for the half-cell reaction and aCl is the Cl- activity in the new bathing solution. The 

electrode potential is experimentally more likely to deteriorate or drift when in contact with a flowing 

bathing solution. To avoid such flow-induced artifact, the Ag/AgCl half-cell was created inside a bent 

glass capillary, filled with 3% agar made up in pipette-filling solution to balance the pipette connection. 

When the anion composition of the bath solution was altered, however, a (stable) junction potential 

was still created. In order to correct measurements and quantitatively compare potentials to calculate 

ionic selectivity, the “Junction Potential Calculator” interface7 within Clampex v8.1 was used to 

calculate junction potentials between combinations of bath solutions.  

                                                 
7 Based on the program JPCalc by Dr. Peter H. Barry of The University of New South Wales 
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B.4.4 Fractional conductance and its effect on transmembrane voltage 
The dependency of transmembrane voltage on the relative permeabilities of mobile ions can be 

expressed in terms of “fractional conductance”, where overall Vm scales as a weighted average of the 

relative permeabilities of permeant ions (PX/Ptot) multiplied by their individual Nernst potentials: 

Equation 23 
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The effect on overall membrane potential of a change in Pion/PK while maintaining fixed permeabilities 

for other species is investigated in the figure below, modelled in OriginPro v7.5 (OriginLab 

Corporation, Northampton MA, USA): 
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Figure 90 – The effect of altered ionic permeabilities on Erev. A – Membrane potential change with PCl at 
different fixed PNa. B – Membrane potential change with PNa at different fixed PCl. 

Note the membrane potential dependence on relative permeability of both Cl- and Na+ ions, 

with basal Na+ leak (PNa: PK = α, Equation 20) setting the magnitude of Vm in Figure 90A. Vm is 

affected by PCl: PK (β, Equation 20) strongly at low α, increasing β above unity is sufficient to 

hyperpolarise cells where α<3, but this effect weakens as Na+ leak increases. When β is held fixed and 

α varied continuously (Figure 90B), it is found that increasing α is always sufficient to depolarise Vm, 

although the threshold α where Vm>0 mV increases with increasing β. At α≈0.1, Vm is clamped at 

≈ECl, hence Vm becomes independent of β. Anion replacement experiments performed under such 

circumstances where a variable permeability for Na+ exists within isolated fibre cells are thus 

compounded by the relative magnitude of Erev relative to ECl. Replacement of Cl- with a more 

permeant anion such as NO3
- will therefore hyperpolarise a cell whose Erev is positive to ECl, while a 

cell which is already hyperpolarised with respect to ECl will be depolarised by the same manipulation. 

An attempt was made to create an expression which would allow calculation of β, and the 

relative permeabilities for test anions relative to Cl-, from data acquired during the course of this study. 

However, since α and β both remain unknown in the majority of the recordings, post-hoc construction 

of an analytical framework for extraction of anion selectivity terms from this data was unsuccessful.  
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Appendix C 

Statistical approaches 
Statistical approaches used in this investigation centre around the use of analysis of variance 

(ANOVA) to compare the means of sample groups, and were designed to maximise statistical power 

by randomised blocking and paired analysis where possible (and appropriate). Statistical significance 

was accepted at the α=0.05 level, and this experiment-wide error rate was preserved by the stringent 

Bonferroni correction (below). 

C.1 Analysis of variance (ANOVA) 
Analysis of variance procedures compare the difference between sample group means, and by 

pooling the variance in estimates yield a “test statistic” (F) whose magnitude represents the probability 

of such a difference between means being randomly generated from such variability. In its simplest 

form, with just two sample groups, ANOVA becomes a 2-sample t-test. However, where there are 

multiple groups for which one or more additional parameters (“effects”) have been measured, 

simultaneous ANOVA of variability in these parameters over all groups allows the contribution of 

each “effect” to observed variance to be estimated independently, as well as quantifying their 

interaction.  

C.1.1 Bonferroni post-hoc comparison of means 
Experiment-wide error arising from repeated comparison of means is additive by the chosen α 

of each comparison. An additional approach is necessary to preserve experiment-wide error rate at the 

chosen α, by making each associated comparison more stringent by α/n, where n is the total number 

of comparisons to be made. This is the Bonferroni method for post-hoc comparison of means from 

ANOVA analysis, and is among the more stringent of such approaches, since significance detected 

from amongst a matrix of comparisons becomes more difficult to detect as the number of 

comparisons increases. Thus, attempting to control the odds of a Type I (false positive) error may 

concomitantly increase the chance of Type II errors (false negatives) when performing multiple 

comparisons between groups. 
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Table 14 – Two-way ANOVA analysis of isolated fibre cell membrane properties – detailed matrix, by length and ><Mathias 
  2-way ANOVA Pooled Comparisons Groups Compared 

Group 
Brown-

Forsythe 
pEffect SFC MFC <Mathias <Mathias SFC <Mathias MFC <Mathis LFC >Mathias SFC 

>Mathias 
MFC 

vs 
Group 

pvariance Same Length Activation MFC LFC LFC >Mathias <Mathias 
MFC 

<Mathias 
LFC 

>Mathias 
SFC 

>Mathias 
MFC 

>Mathias 
LFC 

<Mathias 
LFC 

>Mathias 
SFC 

>Mathias 
MFC 

>Mathias 
LFC 

>Mathias 
SFC 

>Mathias 
MFC 

>Mathias 
LFC 

>Mathias 
MFC 

>Mathias 
LFC 

>Mathias 
LFC 

Length <10-4 <10-5 0.037 * * * * * * N.S. * * * * N.S. * * * N.S. * * * 

Cm <10-4 <10-5 <10-4 * * * * * * N.S.   * * N.S.  * * N.S.    

ρs <10-5 0.001 <10-5  *  *   * *   * *  * *     

Rm 0.819 0.881 0.628                    

Ra 0.228 0.656 0.860 N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. N.S. 

Erev 0.008 0.123 0.060    *                

Iss Envelope 0.022 0.633 0.0003    *   * *   * *        

Iss -100mV 0.006 0.433 0.002    *   * *   * *        

Iss +100mV 0.069 0.842 0.001    *   * *   * *        

% +ve IV 0.557 0.389 0.764                    

ζ 0.884 0.987 0.611                    

λ 0.321 0.880 0.011    *   *    *         

ξ <10-5 <10-5 <10-5 * * * * * * * * * *  * *  * * * *  

This two-way ANOVA analysis incorporates the entire data set, categorised in such 
a way as to isolate the effect of length and activation between groups. Thus peffect in the 
above table signifies the probability that the given effect is responsible for generating a 
statistically-significant difference between the means of the component groups, 
accepted as “significant” at the p<0.05 level.  

Where significance was detected, post-hoc evaluation of contrast vectors was used 
to compare each group with the other groups. Bonferroni post-hoc correction was used 
to constrain experiment-wide error to the chosen α (0.05), and significant corrected 
differences between means are indicated above (*). Certain groupwise comparisons of 
key parameters were investigated in order to exclude differences between groups, and 
the lack of significant difference in these cases is therefore indicated in the above table 
(N.S.).  
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C.1.2 The Brown-Forsythe test for homogeneity of variance 
In the Brown-Forsythe test for homogeneity of variances, differences in variance between 

sample groups are examined, while protecting the Type I error probability (α), by the use of a robust 

estimate of centrality (departure from group median rather than group mean) within a skewed data set. 

Data are transformed to absolute deviations from the group medians (Equation 24), which are then 

pooled. The analysis then uses the F distribution to perform a one-way ANOVA using y as the 

dependent variable, and is applied to avoid excessive inflation of the resulting F statistic by inequality 

of variance between groups within the analysis. 

Equation 24 

iij
BF
ij myz −=  - where mi is the median of the ith group 

 

Table 15 - Two-way ANOVA analysis of isolated fibre cell membrane properties – pooled length groups and 
><Mathias analysis 

   Pooled Comparisons 

Group Brown-Forsythe 2-way ANOVA Effect SFC MFC <Mathias 

vs Group pvariance Same Length Activation MFC LFC LFC >Mathias 

ρs <10-5 0.001 <10-5  *  * 

Iss Envelope 0.022 0.633 0.0003    * 

Ra 0.228 0.659 0.860     

Iss -100mV 0.006 0.433 0.001    * 

Iss +100mV 0.069 0.842 0.001    * 

Rm 0.819 0.881 0.628     

% +ve IV 0.557 0.389 0.764     

ξ 0.884 0.984 0.610     

Cm <10-4 <10-5 <10-4 * * * * 

Erev 0.008 0.123 0.060    * 

λ 0.321 0.880 0.011    * 

Length/λ <10-5 <10-5 <10-5 * * * * 

This two-way ANOVA approach pools the data set, combining comparable length groups together and 
comparable activation groups together in such a way as to orthogonally analyse variance due to the effect of 
length independently from the effect of activation (><Mathias groups). Statistical differences between the 
pooled length groups and pooled activation groups were analysed post-hoc by Bonferroni corrected 
comparison of means.  

 
The Brown-Forsythe test for equal variance was implemented in order to confirm that variance 

within groups was comparable between groups, a necessary criterion for robust ANOVA. It can be 

seen that several parameters do not display comparable variance (pBrown-Forsythe>α), and these parameters 

tend to be those where statistical differences between length and ><Mathias groups were not 

detected. Thus, altered variability between data sets compromises the power of this ANOVA analysis 

for some membrane parameters. 
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Appendix D 

Immunocytochemistry 

D.1 Comparison of Alomone Labs vs. Santa Cruz αClC-3 antibody 
There have been concerns raised recently in the literature regarding the specificity of 

commercially-available antibodies for ClC-3. The polyclonal αClC-3 antibody from Alomone labs was 

shown to cross-react with protein in Western Blots created from knockout animal tissues (Stobrawa et 

al., 2001). I thus repeated the αClC3 labelling using an alternative commercially-available antibody 

from a different manufacturer (Santa Cruz Biotechnology), directed against a different intracellular 

epitope of ClC3 (Figure 91). I also made use of the commercially available antigenic peptide, which 

was unavailable for the Alomone Labs antibody, to perform peptide control experiments. The Santa 

Cruz antibody was pre-incubated overnight in the presence of its antigenic peptide (according to 

manufacturers instructions - for protocol see Methods). If a specific antibody is pre-exposed to its 

antigenic peptide at increasing excess, less unbound antibody is available for binding to specific 

epitopes in the tissue section and hence specific fluorescent signal level will fall. However, non-specific 

binding of antibody to tissue via other domains of the antibody protein remain unaffected, and will 

hence be visualised.  

In these experiments, peptide-preabsorbed antibody was used in place of pure antibody in 

labelling of serial tissue sections. After the labelling protocol, imaging by CLSM microscopy was 

performed using identical laser, gain, and offset settings. In analysing the resulting data, mean, median 

and upper 94th percentile grey level values of antibody signal were determined from representative 

image areas obtained at a series of increasing peptide concentrations. These indices were monitored to 

account for the wide variability in labelling intensity contained within the punctuate labelling pattern.  

It was found that antibody signal measured by each index exhibited dose-dependant reduction 

with peptide concentration (Figure 92). There is also correspondence between the labelling patterns 

seen with that of the Alomone Labs antibody, with the exception of the apparently non-specific 

nuclear staining (Figure 91A). From this dose-dependant signal dilution, it would appear that labelling 

of lens sections by αClC-3 Santa Cruz antibody is specific, and thus the labelling patterns observed are 

unlikely to be the result of artefact. Thus the predominantly intracellular peripheral labelling and the 

predominantly membranous labelling seen deeper in the lens with both antibodies would appear to be 

a real phenomenon, whose functional confirmation and physiological role remain to be determined. 
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   D E F

 
Figure 91 - αClC-3 antibodies compared in lens equatorial cryosections. Upper panels - cryosections double-
labelled with WGA-A488 (red, membranes) and αClC-3-A488 (green, ClC-3). Lower panels - αClC-3 signal alone 
(green). A–C Alomone Labs αClC-3 antibody. D-F Santa Cruz αClC-3 antibody.  
A,D - αClC-3 label appears exclusively intracellular in peripheral lens cells with both antibodies, with intense 
punctuate cytoplasmic labelling of the epithelium and more sparse puncta in peripheral fibre cells. Note the absence 
of nuclear labelling with the Santa Cruz antibody (C). B,E - αClC-3 labelling in the lens inner cortex is punctuate, 
somewhat denser than peripherally, and does not appear to be membrane associated.  
C,F - αClC-3 label becomes membrane associated in the deep lens cortex with both antibodies. Scale bars 10 μm. 
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Figure 92 – Dose-dependant ClC-3 signal reduction confirmed by antigenic preabsorption. A – Equatorial lens 
section labelled with Santa Cruz αClC-3 antibody and imaged at 643V on 2º antibody channel. B – Serial lens 
section labelled with αClC-3 preabsorbed with antigenic peptide at 25:1 excess. C – Serial lens section labelled with 
αClC-3 preabsorbed with antigenic peptide at 50:1 excess. D – No-primary (No-1º) control slide where αClC-3 
antibody has been omitted from the immunolabelling protocol. Scale bar 20 μm. E – Fluorescent signal, in 8-bit 
grey levels. Note the dose-dependant reduction in signal with the addition of peptide in excess. 
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Appendix E 

Cellular volume estimation 

E.1 Limitations in 2-D volume estimation 
To correlate the behaviour of volume-sensitive conductances with quantitative estimates of cell 

volume, post hoc analysis of 2-dimensional DIC images was used to monitor cell outline over time 

(Figure 93). While such methodology is useful in spherical cells, where volume increase ideally 

translates into an isomorphic 2D expansion (Figure 93A), the elongated geometry of fibre cells 

presented a number of insurmountable technical barriers to application of such analysis (Figure 93C). 

Thus, alterations in the 3D volume of isolated fibre cells are not well resolved by the 2-dimensionally 

projected DIC area measurement (Figure 93B,C). In very elongated fibre cells, these inherent 

limitations are compounded by even more complex 3-dimensional shape change, comprising axial 

shrinkage, lateral swelling, and z-axis thickening (Figure 93C). The long axial dimension of very 

elongated fibre cells additionally require the use of lower-magnification microscope objectives, thereby 

reducing the pixel resolution of the imaging system to below that required to accurately quantify subtle 

alterations in cell shape or dimensions. Although such alterations may be hinted at in long cells by 

relative impressions of membrane turgidity or crumpling under DIC (as in Figure 62B) , the subtle 

alterations in cell shape and lateral dimensions are not resolved.  

 

From top 

From side 
 

A B C

 Δ area ≈ Δ volume
    Δ 2D ≈ Δ 3D 
   ≡ Circularity  

 Δ area ≠ Δ volume
    Δ 2D ≠ Δ 3D 
   ↓ Circularity ↑ 

       ↓length 
        ≈ area 
 ≈“Circularity”  

Figure 93 – Geometric considerations of 2-dimensional fibre cell volume estimation. A – The simple geometry 
and predictable isomorphic expansion of a spherical cell results in an identical view from either the side or above.    
B – The complex 3-dimensional shape alteration makes 2-dimensional area-based analysis inadequate for estimation 
of cell volume. C – Elongated fibre cells exhibit axial retraction, lateral swelling, and compound 3-dimensional 
shape alteration during swelling, as well as becoming inherently less circular the more they elongate. 
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Thus, while an attempt was made to quantify cell area and perimeter in a subset of fibre cells 

during hypotonic stimulation (Figure 95A,B) it is apparent that the scatter in successive measurements 

and the low dynamic range of the normalised indices make these types of measurements subject to 

enormous error. Improvement was sought by use of a “circularity index”, defined in Equation 25: 

 

Equation 25 
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As the value approaches 0.0, it indicates an increasingly elongated polygon, while a circularity 

value of 1.0 denotes a perfect circle. While the creation of a circularity index did resolve the general 

increase in volume expected from hypotonically-swollen cells (Figure 95D), it is clear from the pooled 

analysis that the error in estimating each of these indices requires the use of large numbers of cells to 

resolve even the underlying trends. In addition, it was realised that the inherent gradient in departure 

from sphericity imposed by fibre cell elongation would result in an increasingly diminished dynamic 

range in these indices in more elongated cells (Figure 94). This method of post-hoc 2-dimensional 

volume analysis is therefore not suited to quantitative analysis on a single-cell level.  
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Figure 94 – Fibre cell circularity inherently declines with length. 
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Figure 95 – Attempted quantification of fibre cell volume by 2D morphological indices. A – Fibre cell area, 
taken from 2-dimensional area projection under DIC illumination. B – Fibre cell perimeter, from DIC image.           
C – Fibre cell circularity (see Equation 25) for a subset of short fibre cells of various lengths (inset, applies to panels 
A-C). D – Pooled indices (Mean ± S.E.M.) over time, for the fibres shown in A-C. ■ – area, ● – perimeter, ● – 
circularity. Note the general trends delineated by pooling data in these short cells.  
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B.2 Other methods to quantify fibre cell volume 
Since these 2-dimensional projection methods proved problematic in quantifying fibre cell 

volume, consideration was given to other methods to measure cell volume. Membrane capacitance can 

be used for this purpose, monitored dynamically by phase tracking (Fidler and Fernandez, 1989). This 

approach is valid in spherical cells where capacitance transients can be accurately and reproducibly fit 

and monitored over time. In elongated fibre cells however, the analysis software used was restricted to 

single-component fitting. The distributed membrane capacitance of isolated fibre cells (see 4.3.1) 

therefore introduces errors into the fitting routine by elongating capacitive charging, and thus 

automated phase-tracking capacitance measurement was not pursued further in the analysis of fibre 

cell volume. 

In a more promising direction, for future work, fibre cells have been shown in this investigation 

to be capable of hydrolysis of acetomethyl ester fluorophores (Figure 19). These dyes become trapped 

within the cytoplasm following cleavage by intracellular esterases. Fluorophore dilution within the 

cytoplasm can be dynamically monitored during cell volume manipulations, giving an online readout 

of cell volume in real time (Figure 96). This technique would ideally be implemented in conjunction 

with electrophysiological techniques in isolated fibre cells, providing an ideal preparation for 

monitoring the behaviour of volume sensitive conductances on a single-cell level.  

 

Δf* ∝ Δ vol

A B C

 
Figure 96 – Fluorescent methods for fibre cells volume measurement. A – Spherical cell undergoing isotropic 
volume expansion. B – Volume alteration in short fibre cell is more complex in geometry. C – Volume expansion in 
elongated fibre cell is complex geometrically, but generates a simple volumetric readout by fluorescence dilution 
within the cytoplasmic compartment. 
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