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lll Abstract

The aim of this study was to determine the underlying cellular mechanism by which ethanol
alters the standing potential of the human eye (the ethanol electro-oculogram). Ussing chamber
experiments using animal explants of retinal pigmement epithelium and retina, as well as
cultured retinal pigment epithelial cells grown on filter inserts, were conducted to determine
whether the retinal pigment epithelium was the target for ethanol. The human retinal pigment
epithelial cell line, ARPE-19 was used to investigate changes in intracellular calcium
concentration in response to ethanol. Human studies involving patients with cystic fibrosis were
performed to determine the likely ionic channel involved in the ethanol-electro-oculogram.

Results indicated that ethanol was capable of elevating intracellular calcium concentration but
that the source was from the extracellular pools. The likely ionic channel responsible for the light
evoked electro-oculogram is the L-type calcium channel and this channel could be the route
through which ethanol mediates the calcium-signal based on this finding. The amplitude of the
ethanol evoked electro-oculogram was not dependent upon one functional chloride channel
affected in cystic fibrosis and regulated by cyclic adenosine monophosphate dependent protein
kinase A. This finding supports the role of a calcium-gated basolateral chloride channel being
responsible for the ethanol-electro-oculogram. The fast oscillations in the cystic fibrosis subjects
also showed higher or normal responses which are supportive of a recent finding in an animal
model of this condition.

The findings of this study indicate that the ethanol-electro-oculogram is dependent upon calcium
signalling. The earlier clinical studies have also shown that the ethanol-electro-oculogram is
affected more than the light electro-oculogram in early retinal degenerations. Therefore, the
results presented would suggest that calcium signalling is impaired in early retinal
degenerations.
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1 Introduction

The RPE was described as a pigmented membrane ‘composed of small oblong bodies,
analogous to globules’ (Mondini, 1790). As the specifications of microscopes improved individual
hexagonal cells containing melanin granules could be observed (Jones, 1833). For a long time
the RPE was thought to be the analogue of a camera’s black light absorbing inner surface, but it
is now recognised that the RPE performs a vast array of functions necessary to photoreceptor
survival. For review see Strauss, (2005). The structure of the RPE reflects the range of its
different functions. The apical surface of the RPE is composed of microvilli that interdigitate with
the outer segments of the photoreceptors. The RPE forms tight inter-cellular junctions that create
a barrier between the outer retina and the underlying choriocapillaris (Marmor, 1998). The
basement membrane of the RPE is continuous with Bruch’s membrane. The melanin within the
melanosomes of the RPE absorbs light to reduce scatter (LaVail and Gorrin, 1987; Sardar et at,
2001) . One of the important roles of the RPE is the phagocytosis of shed photoreceptor outer
segments (Young and Bok, 1969). The process of phagocytosis with the daily shedding of rod
and cone outer segmnents and their ingestion and degradation by the RPE is accomplished by
several steps. The shed photoreceptors bind to integrin av5|3 receptors on the apical membrane
of the RPE (Finnermann et at, 1997; Lin and Clegg, 1998) which then leads to activation of Mer

tyrosine kinase signalling pathway for internalisation of the outer segments (Wu et at., 2005).

The RPE also participates in the transport of essential amino acids, fatty acids and is
responsible for the isomerisation of all-frans-retinal into 11-c/s-retinal for use by the
photoreceptors in phototransduction (Miller and Steinberg, 1979; Bridges et at, 1984, 2001a,
2002) . The RPE also provides protection from reactive oxygen species by the production of
glutathione, mitochondrial superoxide dismutases and absorption of free radicals by melanin
(Atalla et at., 1988; Kasahara et at.,, 2005; Seagle et at, 2005; Wang et at.,, 2006). The RPE also
contains at the apical and basal membranes numerous ionic channels, pumps and co-
transporters that regulate pH, fluid transport and the ionic composition of the sub-retinal space
(Hughes et at., 1984; Miller and Farber, 1984; Miller and Edelman, 1990; Gallemore et at, 1993;
Gallemore and Steinberg, 1993). The ionic currents that flow across the apical and basal
membranes through the ion channels, pumps and co-transporters generate an electrical potential
at each membrane. This potential is termed the trans epithelial potential (TEP) and underlies the

ocular standing potential of the eye (Steinberg et at., 1983).

This study is primarily concerned with the slow voltage and current changes across the RPE in
response to light and ethanol. There is currently no sensitive and specific clinical
electrophysiological test to assess the physiology of the RPE. The light-EOG relies upon a signal
transduction from the rods to the RPE and therefore it is not specific for RPE function (Griff and
Steinberg, 1982). Clinical tests involving fluorescein angiography and red free fundus
photography provide information about the integrity of the RPE barrier but they do not provide a
means of assessing the physiology of the RPE.
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The clinical relevance of the light-EOG has been questioned for some time and more recently it
has been suggested that the light- and alcohol-EOGs are too variable to be of any clinical value
(Marmor, 1991; Marmor and Wu, 2005). However, the light-EOG continues to be a useful and
reliable measure of the interaction between the photoreceptors and the RPE. The light-EOG is a
sensitive test for Best's disease (Weleber, 1989) as well as being important for the early
detection and monitoring of drug toxicity as in the case of the anti-epileptics, vigabatrin (Lawden
et at, 1999; Harding et at, 2002) and lamotrigine (Arndt et at, 2005). The EOG is a sensitive
measure of visual function for patients prescribed desferrioxamine (lron chelator) following
repeated blood transfusion (Hidajat et at, 2004) and is a useful screening tool during clinical
trials to ascertain whether a novel drug is toxic (Theischen et at, 1993). The light-EOG is said to
be abnormal in seasonal-affected disorder (Lam et at, 1991) and is crucial in the diagnosis of
acute zonal outer retinopathy (Francis et at, 2005). It is of course abnormal in cases of retinal
degenerations, but in such disorders, the electro-retinogram (ERG) is the preferred diagnostic

test.

The first complete description of the human light-dark sequence was due to Kris, (1958).
However, the clinical utility was established by Arden who showed that the light-EOG was
reduced when there was gross retinal degeneration, anoxia or drug toxicity to the outer-retina
and RPE (Arden, 1962; Arden and Barrada, 1962; Arden et at, 1962; Arden and Kelsey, 1962;
Arden and Kolb, 1966). The light-EOG records the change in the ocular standing potential over
time. In the initial dark phase, there is a fall in the standing potential to a minimum as the eye
dark-adapts over a period of 15 to 20 minutes. When the retina is illuminated, the standing
potential rises with a peak voltage occurring approximately 8 to 12 minutes after light onset. The
ratio of this peak voltage to the dark-adapted trough minimum voltage is known as the Arden
ratio. The peak voltage in the light is dependent upon a normal interaction between the RPE

and photoreceptors. For review see, Arden and Constable, (2006).

Ethanol also produces a voltage change across the dark-adapted eye in man (Skoog et at,
1975; Arden and Wolf, 2000b) and sheep (Knave et at, 1974) that mimics the slow light-evoked
voltage change. The clinical utility of the alcohol-EOG has been assessed in patients with age-
related macula degeneration (ARMD) and retinitis pigmentosa (RP) (Arden and Wolf, 2000a,
2003; Arden et at, 2000). In all of the conditions, the alcohol-EOG was smaller than the light-
EOG. Therefore, the alcohol-EOG may provide greater sensitivity and may be a more specific
test of RPE function than the light-EOG. Consequently, the underlying mechanism by which
ethanol interacts with the RPE may provide valuable insights into the aetiology of these retinal

degenerations.
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11 Embryology

The development of the RPE, retina Bruch’s membrane and the choriocapillaris is a co-ordinated
and integrated process (Hollyfield and Witkovsky, 1974; Rizzolo and Li, 1993; Rizzolo et al.,
1994; Rahner et al, 2004; Mitsuda et al., 2005). In man, the optic cup develops from the
neuroectroderm during the fourth week of gestation and comprises two layers of cells. The
outermost layer of columnar epithelial cells develops into the RPE and the inner layer develops
into the neural retina. This decision is regulated by a variety of signals that are not exclusive to
the developing eye-cup (Buse et al., 1993). Pigmentation of the RPE is detectable at five to six
weeks gestation (Hollenberg and Spira, 1972). At seven weeks the lateral folds and apical
microvilli are present and the tight junctional proteins are present (Mund et al., 1972). By the
eighth week, the RPE has developed gap- and zonula adherens-junctions (Fisher and Linberg,
1975). Developments of the inner segments of the photoreceptors are apparent at 10 - 15 weeks

gestation and the outersegments are present at 20 weeks in man (Rizzolo, 2006).

1.2 Structure

The apical membrane of the RPE faces the photoreceptors with which it maintains a close
association through apical microvill. The basal plasma membrane of the RPE has small
infoldings that increase the surface area for efficient exchange of metabolites, water and
nutrients into and from the underlying choroidal circulation. The RPE contains adenosine tri-
phosphate (ATP) generating mitochondria, melanin-containing melanosomes, lysosomes and

phagosomes for the digestion of shed photoreceptor disks (Marmor, 1998).

1.21 Cytoskeleton

The RPE’s structure is maintained by a cytoskeleton with a circumferential actin band at the cell
apex. The cytoskeleton provides a framework to which the junctional proteins are attached and
also provides a flexible and strong scaffold so that the RPE can change shape and maintain its
structural integrity (Owaribe et ai, 1981, 1986, 1988). The apical processes also possess actin
filaments and in chick, these exert tension on the retina to aid the close association of these two
structures (Philp and Nachmias, 1985). The cytoskeleton is composed of three basic elements:
microfilaments, intermediate filaments and microtubules. The microfilaments form a network
within the cortex of the cell and are composed of actin filaments that are cross linked with a-
actinin (Burnside and Bost-Usinger, 1998). In chick RPE the microtubules extend into the apical
microvilli. However, in man these microtubules are absent and actin filaments are present
instead (Turksen et at, 1989). A network of microtubules use the hydrolysis of guanosine tri-
phosphate (GTP) to perform reorganisation of intracellular organelles (Klyne and Ali, 1981), cell
motility (Campochiaro and Glaser, 1986) and contribute to phagocytosis (Irschick et ai, 2006).
The microtubules give structural integrity to the RPE and are composed of dimmers of p-tubulin
and y-tubulin (Rizzolo and Joshi, 1993; Bollimuntha et at, 2005). Intermediate filaments have a
diameter between that of the microfilaments and the microtubules and are comprised of an acidic
15



and basic cytokeratins which provide structural support for the RPE. Cytokeratins 8 and 18 are
found in human RPE (McKechnie et al., 1988; Owaribe et al., 1988; Fuchs et at, 1991). The
expression of cytokeratins 18 and 19 is associated with RPE migration (Robey ef al, 1992) and
the difference in expression profiles of cytokeratins can be used to differentiate between
phenotypically distinct RPE cells in culture (McKay and Burke, 1994; Casaroli-Marano et al.,
1999).

1.3 Junctional Proteins

The barrier properties of the RPE are created in part by the intercellular junctional proteins that
create a seal with low permeability between the RPE cells. This paracellular pathway between
the cells provides one route for ions and water to pass between the retina and underlying
choroid. There is also a transcellular route for the passage of ions, water and metabolites
through the ionic channels of the RPE’s plasma membranes (Joseph and Miller, 1991; Anderson,
2001). The intercellular junctions are assembled from several proteins that link the RPE cells
together and determine the barrier properties of the cell monolayer. One protein, zonula
occludens (ZO)-1 (Stevenson et al., 1986) is a scaffolding protein that links cytoplasmic proteins
(occludins) to the actin cytoskeleton on the inner face of the plasma membrane with extracellular
proteins (claudins) that interlink with complimentary claudins on the plasma membrane of the
adjoining cell (Schafer et al., 1992; Konari et al., 1995; Yanagihara et al., 2001). in chick RPE, it
is the expression levels of claudins and not ZO-1 that determines the electrical resistance of the
barrier (Ban and Rizzolo, 2000b; Peng et al, 2003; Rahner et al, 2004). There are
approximately 24 families of vertebrate claudin proteins whose expression changes with the
development of the tight junction and disease (Kojima et al., 2002; Lu et al., 2004). Claudins are
selectively permeable to ions; however all permit the passage of K+ (Colegio et al., 2002, 2003).
For review see Van ltallie and Anderson, (2006). The zonula adherens junctions act as focal
points of contact around the RPE, and develop just prior to tight junction formation. The proteins
forming the adherens junctions are composed of Ca2+dependent cadherin proteins associated
with the actin circumferential band (Miyaguchi, 2000). In the RPE, E-cadherin forms the
adherens junction and this protein is attached to the cytoplasmic microfilament by vinculin and

catenins (Marrs et al., 1995).

Gap junctions are formed in the lateral plasma membranes to permit intercellular signalling and
the sharing of small molecules such as ATP (Himpens et al., 1999; Pearson et al, 2004, 2005).
The gap junction is formed by six connexin proteins (Goodenough, 1974) with alterations in their

configuration regulating intercellular communication (Unwin and Ennis, 1984).

The RPE’'s basement membrane is formed from vitronectin, collagen types |, lll, and 1V,

fibronectin and laminin with the RPE secreting these proteins in vitro (Turksen et al., 1984, 1985,

1989; Campochiaro et al., 1986; Ho and Del Priore, 1997; Tsukahara et al., 2002; Tezel et al.,

2004). Laminin is the main component associated with attachment of the RPE to Bruch’s

membrane (Crawford and Vielkind, 1985). A transmembrane linking protein, integrin, links the
16



basement membrane to the intracellular cytoskeletal proteins talin and vinculin thereby anchoring
the RPE to Bruch’s membrane (Philp and Nachmias, 1987; Philp et at, 1990). The RPE’s
basement membrane is continuous with Bruch’s membrane that is divided into an inner
collagenous layer, elastin layer, outer collagenous layer and the basement membrane of the
choriocapillaris (Hollenberg and Burt, 1969). With age, the nature of Bruch’s membrane changes
and the accumulation of basal laminar deposits and collagenous debris reduce the permeability
of the underlying membrane (van der Schaft et at, 1993; Starita et at, 1997). Figure 1.1 overleaf
shows a schematic representation of a mammalian RPE cell with a representation of some of the

cytoskeletal proteins and complexes present.
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Figure 1.1 The RPE - Basic Structure

Schematic showing an RPE chick cell with the apical microvilli interdigitating with the
photoreceptor outer segments. The inner section of the RPE contains melanosomes (M) that
absorb stray light. Phagocytosis of shed photoreceptor outer segments is performed by
Phagosomes (Ph) which then fuse with Lysosomes (Ly) to further digest the photoreceptor outer
segments. The RPE has mitochondria (Mi), an endoplasmic reticulum (ER) which acts as an
intracellular reservoir of Ca2+ and protein synthesis along with the Golgi apparatus. The RPE is
polarised by virtue of the tight junctional proteins and cytoskeleton. At the apical margins, a
circumferential belt composed mainly of actin filaments surrounds the RPE. This band is
associated with zonula adherens proteins (ZA) and form tight adhesive complexes between E-
cadherins that are linked to the plasma membrane of adjoining RPE cells. The zonula occludens
(ZO) junctions are associated with claudins and occludins that regulate the permeability of the
paracellular pathway. The apical microvilli contain actin bundles that both give structure and
contribute to the phagocytosis of rod outer segments. Gap junctions (GJ) between cells allow
intercellular communication and are formed by connexins. The basement membrane of the RPE
is continuous with Bruchs Membrane (BM). The transmembrane protein integrin (black bars)
forms attachments to the laminin, collagen and fibronectin components of BM and connects with

the RPE's cytoskeleton. BM is continuous with the choriocapillaris of the vascular choroid.
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1.4 Signal Transduction

A cell must be able to adapt to changes in the immediate environment. A number of receptors
and signalling proteins and second messengers are present in all cells that enable this
adaptability. It is assumed that the light-rise of the EOG is dependent upon a signal being
released from the rods that binds to an RPE apical membrane receptor and this initiates the
release of a second messenger within the RPE that then alters the basolateral membrane
chloride conductance (Gallemore et al, 1988). The pathways for signal transduction and
amplification within a cell are numerous but two key intracellular second messengers are cyclic
adenosine monophosphate (cAMP) and Ca2+ Both of these second messengers have been
implicated in altering the basal membrane conductance of chloride channels and could

potentially contribute to the alcohol-EOG.

141 G-Proteins

One likely pathway that either ethanol or the light-rise substance could alter membrane
conductance is by the activation of a G-protein coupled receptor. G-proteins are involved in the
signal transduction of extracellular ligands that vary in nature from ions, peptides, proteins, lipids,
nucleotides odours or light as seen in the phoptoisomerisation of rhodopsin (Rh). For reviews
see, Waters et al, (2004) and Nash and Osborne, (1996). Heterotrimeric G-proteins are
composed of three subunits (a, p and y) and span the cell membrane. The protein complex is
coupled to an extracellular receptor that when bound to its ligand enables modulation of
intrcellular signalling cascades that may either be inhibitory or excitatory. The nature of the a-

subunit defines the G-protein family and so the Gsfamily all contain the as subunit.

One receptor associated with the Gs protein is the p-adrenergic receptor. In the inactive state the
as subunit binds guanosine di-phosphate (GDP). Following ligand binding to the p-adrenergic
receptor the Gs protein undergoes a conformational change enabling the release of GDP which is
rapidly replaced by guanosine tri-phosphate (GTP) owing to the higher cytosolic concentration.
The Ga subunit then dissociates from GR/and uses the hydrolysis of GTP to catalyse the
formation of cAMP by the membrane-bound protein, adenylate cyclase (AC) (Rodbell et al,
1971). The generation of cAMP is able to catalyse the activation of the protein kinase-A enzyme
(PKA) that in its active state can phosphorylate specific amino acids on proteins to modulate their
function. It is also possible for the GPvand Gasubunits to act as synergists or antagonists on the
same or different target proteins to regulate intracellular signalling (Gilman, 1987). Once GTP is

hydrolysed into GDP, the G-protein reassembles.

The generation of PKA by the RPE is important as one of the basolateral chloride channels is
regulated by PKA (Anderson et al, 1991c). This channel, the cystic fibrosis transmembrane
conductance regulator (CFTR) may play an important role in the electrophysiological responses
of the RPE (Blaug et al., 2003; Reigada and Mitchell, 2005).
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The generation of a Ca2+ response by G-proteins involves a different mechanism belonging to
the Gq family. In one example, an agonist binds to the receptor associated with Gq. This step
leads to the activation of the enzyme, phospholipase-Cp (PLCAB) which rapidly cleaves the
membrane-bound phospholipid, phosphatidylinositol-4,5-bisphosphate (PIP2) (Smrcka et al,
1991) into two key signalling molecules. One is Inositol 1,4,5-triphosphate (IP3) and the other is
diacyglycerol (DAG) which act as second messengers to raise intracellular Ca2+ concentration

([Cazin) by two separate pathways.

1: IP3: Ca2+ released from the intracellular stores of the endoplasmic reticulum (ER) is
dependent upon the IP3receptor (IP3R) that forms an intracellular Ca2+ channel (Spat et al,
1986). IP3 can move in the cytosol to the ER where it binds to the receptor and releases Caz2+
However, there is a negative feedback loop and increasing levels of cytosolic-free Ca2+inhibit the
IP3R to ensure cytosolic Ca2+levels do not remain elevated. For review see Berridge et al.,
(2003).

Re-uptake of Ca2+into the ER is also regulated by the ER-calcium-ATPase pump (ERCA). This
pump is inhibited by thapsigargin (Lytton et al, 1991) and/or cyclopiazonic acid (Seidler et al.,
1989). The use of these drugs is commonly used to demonstrate that Ca2+ is derived from ER
stores by inhibiting re-uptake of Ca2+. Physiologically, ERCA is inhibited by phospholamban in its
unphosphorylated state (Tada and Kadoma, 1989). Phosphorylation of phospholamban by
various kinases acted upon by second messengers exerts fine control over cytosolic free calcium
by increasing re-uptake of Ca2+ (Tada and Inui, 1983). One further regulator of cytosolic free
Ca2t+is calmodulin that acts as a Ca2+ receptor and once bound can modulate cellular functions
through protein phosphorylation such as cellular migration, cell attachment and differentiation
(Kishi et al., 2000; Smith-Thomas et al., 2000).

2: DAG; Two separate signalling pathways are influenced by the generation of DAG.
Firstly as a modulator of Ca2+signalling it activates the membrane bound inactive protein-kinase
C (PKC) that also requires elevation of intracellular Ca2+ to translocate across the plasma
membrane for activation by DAG. Once active, PKC then phosphorylates proteins to modulate
their function (Mitchell, 1982a, b). The second interaction of DAG is to release the
polyunsaturated fatty acid arachidonic acid (AA) from the plasma membrane. AA is then further
metabolised into potent autocrine and paracrine signalling molecules that are associated with

inflammation and pain regulation. For review see Sigal, (1991).

The elevation of [CaZfin by an external agonist is important because Ca2+ is capable of
increasing the basolateral membrane chloride currents of two ionic channels. Bestrophin and a
Calcium Activated Chloride Channel (CaCC) that have both been proposed to participate in the
light-rise of the EOG (Marmorstein et al, 2006; Rosenthal et al., 2006).
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1.4.2 Protein Tyrosine Kinases

Protein tyrosine kinases (PTKs) are membrane-bound proteins which act as enzymes by directly
phosphorylating tyrosine residues in intracellular target proteins after extracellular activation by
growth factors such as epidermal growth factor (EGF), insulin derived growth factor (IGF) or
platelet-derived growth factor (PDGF) (Glenney Jr, 1992; Schlessinger and Ullrich, 1992).
Integration of PTKs and G-protein signalling pathways provides an alternative means by which
G-protein activation and signalling pathways can interact with PTKs to modulate cell physiology.
For review see, Waters et al., (2004). Of importance to the RPE is the regulation of PTKs and the
L-type Ca2+ channel. This ion channel's gating is determined not only by membrane voltage, but
also phosphorylation by PTK and PKC. The PTK associated with this regulation in the RPE
belongs to the non-receptor tyrosine kinase family that lack an extracellular binding domain but
retain the intracellular tyrosine kinase catalytic domain (Strauss et al., 1997). Growth factor
regulation of PTKs provides a means of regulating [Ca24in by altering the conductance of L-type
Caz+ channels (Rosenthal et al, 2005). The L-type Ca2+ channel is now seen as the principal
channel responsible for the generation of the Ca2tsignal associated with the light-rise of the
EOG (Marmorstein et at., 2006).

1.5 Membrane Voltage

The changes in membrane voltage (VM are determined by the net currents that flow across the
cell membranes. The resting VMresults from the difference in ionic concentrations across the
plasma membrane and the relative permeability of the membrane to the ions present in the
cytosol and the extracellular spaces. Alterations in the permeability or conductance of the
membrane to the ions by the gating of ionic channels leads to a change in VMas ionic currents

pass across the membrane.

Since ions are electrically charged, their movement through ionic channels causes a change in
the charge across the lipid bilayer. For example, as positively charged potassium ions move out
of a cell, the interior becomes negatively charged with respect to the exterior and so VM
hyperpolarises. This change in voltage eventually opposes the movement of the ions and an
equilibrium is established approximating to the Nernst equilibrium potential (Nernst, 1888). See
equation 1.j.

Ex=[(RxT)/(z x F)] x In ([X]Jout/ [X]In)— 1.1

Where:

Ex = Equilibrium potential (Volts) of ion X.

[XJout= Concentration of ion X outside cell (mM).

[X]in= Concentration of ion X inside the cell (mM).

R =The Gas Constant (8.314 J.K"1.mof1).

T = Absolute temperature (K).

F = Faraday’s constant (96,500 C.moF1).

z = Valence of ion or charge e.g. CF = -1; Ca2+= +2.
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The RPE develops an electrical potential that is dependent upon ions being held away from their
equilibrium or Nernst potential. The ionic channels, pumps and cotransporters move ions against
the electrochemical gradients so that an electrical potential is established. The opening of ionic
channels enables certain ions to move towards their equilibrium potential creating ionic currents
and a change in VM It is these changes in ionic currents that generate the alterations in the
ocular standing potential recorded with the EOG. The foundation of the ocular standing potential
is the trans-epithelial potential (TEP) of the RPE that Is established between the basal and apical

membrane voltages.

1.6 Trans Epithelial Potential and Resistance

Because there is a different population of ionic channels in the apical and basal membrane of
the RPE, a TEP is established across the RPE. There is also a trans-epithelial resistance (TER)
that is established in part by the tight-junctions. The resistance that forms the paracellular
pathway through which ions may pass is denoted Rs. The conductance of the apical and basal
membranes to ions also creates a resistance (RAdcd) and (RBesd) respectively. The TEP is
defined in the RPE as the difference between the basal membrane voltage (VBSfH) and the apical

membrane voltage (VAdca). See equation 1.ii on following page.

Steinberg modelled the RPE on an electrical circuit in which the apical membrane was
electrically coupled to the basal membrane (figure 1.2 overleaf). In this equivalent circuit, VAdc is
represented by a battery (EA) in series with a resistance (RA) and a current pump that represents
the apical NaKATPase pump. The battery represents the net ionic currents across the apical
membrane. Similarly the basal membrane is represented by a resistance (RB) in series with a
battery (EB). The apical and basal membranes are electrically coupled through the paracellular
resistance that may be assumed to be constant. Because of this electrical coupling a change in
the membrane voltage at either the apical or basal membrane is shunted to the other membrane
so that there is a delayed and smaller change in the VMat the opposite membrane (Miller and

Steinberg, 1977; Gallemore and Steinberg, 1993).
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Figure 1.2 Electrical Circuit Model of the RPE

X TEP >
“14
Apical Basolateral
(retinal facing) Hs (choroidal facing)
1TA/WYV =

The equivalent electrical circuit of the RPE as modelled by Miller and Steinberg, (1977). The
apical and basal membrane voltages are represented by a resistance and battery in series. The
apical membrane has another current source, the NaKATPase pump that is depicted by the
pump. The apical and basal membranes are electrically coupled by the tightjunctions that have a
finite and near constant resistance. This electrical coupling means that a change in the
membrane potential at one membrane results in a change at the opposite membrane of equal

sign but smaller magnitude.

The RPE’s apical membrane is hyperpolarised with respect to the basal membrane owing to the
differences in the batteries (ion channels) in the apical and basal membranes. The TEP is
defined as the difference between the basal and apical membrane voltages so that the TEP is
positive for the RPE (equation 1.ii). This positive TEP also creates a current loop from the basal
to apical membrane (Is) that flows through the paracellular resistance (Rs). The TER can be
derived from the equivalent electrical circuit and is expressed in equation l.iii (Miller and

Steinberg, 1977). For review see Gallemore et at, (1997).
= VBasg —\V/"pical — 1M

TER —{Rs X (RApical + "Basal)] f (*Apical + "Basd + Rs) 1M
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1.7 Voltage Gated Channels

The RPE contains numerous ionic channels, pumps and co-transporters that all contribute to the
‘battery’ at the apical and basal membranes. The opening of an ion channel may be dependent
upon a number of different factors such as, an external ligand, phosphorylation, cell volume or
the membrane voltage. Voltage gated ion channels were observed in the giant squid axon by
Hodgkin and Huxley, where it was shown that the conductance of the ion channels varied as a
function of VM(Hodgkin and Huxley, 1952 a-c). The investigators were able to hold or clamp VM
at a holding potential and record the current. Using this technique a plot of how current varied

with voltage was drawn with the slope of the curve representing the conductance.

Hodgkin and Huxley introduced the term ‘rectification' to describe ionic channels whose |-V
relationship was non-linear as was found with the voltage gated Na+ and K+ channels of the
axon. The conductance or open probability of the channel depended upon VMin these excitable

membranes.

Some of the RPE’s ionic channels also display rectification, in that their conductance varies as a
function of VM Channels are termed inward or outward rectifiers depending upon how their
conductance changes in relation to hyperpolarisation or depolarisation of VM An inward rectifier
increases conductance in response to hyperpolarisation of VMand an outward rectifier increases

conductance in response to a depolarisation of VM

lon channels may not display rectification but still be dependent upon VM for opening. One
example is the L-type Ca2t channel1where the inward Ca2+current increases as the membrane
depolarises. For this voltage dependent ionic channel, the |-V curve is bell-shaped with a

reduction of current as the membrane depolarises further. (See figure 1.3 overleaf).

1L-type Ca2tchannel is a voltage dependent Ca2+ channel with a ‘Long’ deactivation time giving

sustained Ca2+currents into the cell.
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Figure 1.3 Voltage-dependent L-type Ca2+Currents in the RPE

— l/lm ax

The 1-V curve of the voltage dependent L-type Ca2+ currents recorded from the rat RPE. The
inward current increases as the membrane voltage depolarises with a maximum at ~ +10 mV
and then falls as the membrane voltage is further depolarised. In this case BaZ+ jons were used
as well as Ca2r jons because the L-type Ca2+ channel has a greater permeability to Ba2+ than
Caz+ so the inward current was greater and easier to record. In contrast Co2t jons are less
permeable through the L-type Ca2+ channel pore and so exhibit a reduced current. From Ueda
and Steinberg (1993).

1.7.1 The Ocular Standing Potential

The German neurophysiologist, Du Bois-Reymond demonstrated that amongst different
potentials of the frog there was a potential across the eye with the cornea positive with respect
to the posterior globe (Du Bois Reymond, 1849). The EOG is an approximate measure of the
TEP of the RPE that is the main contributor to the ocular standing potential (Gallemore et at,
1998). The ocular standing potential is recorded with electrodes placed at the inner and outer
canthus of each eye or at the outer canthi of both eyes with an earth electrode positioned at a
suitable location between the active electrodes (eyebrow or forehead). The current and voltage
generated by the RPE is normal to the surface of the globe. Therefore, the resultant potential
lies normal to the optic axis and as the eyes execute horizontal saccades; the magnitude of the
standing potential is recorded. The size of the potential falls in the dark and rises in the light.

Figure 1.4 shows the ocular standing potential and how the amplitude alters between dark and
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light. The ratio of the peak voltage in the light phase to the minimum voltage in the dark phase

represents the Arden ratio and is reduced when either the RPE and/or rods are diseased.

Figure 1.4 The Electro-Oculogram

The ocular standing potential is recorded between two differential electrodes. As the eye moves
left and right the potential changes. In the dark, the amplitude falls creating the dark-trough of
the EOG and in light the amplitude rises generating the light-rise of the EOG. In the figure the
square waves are the voltages recorded from the electrodes as the eyes perform horizontal
saccades. In the dark this potential falls so that the amplitude of the square wave also
decreases. In light the ocular standing potential increases which is seen in the increase in the
amplitude of the square waves at the light-rise peak. The ratio of the peak to trough voltage
represents the Arden ratio and is typically > 1.87. The standing potential is measured in this
instance using pV/deg which is the actual potential divided by 30° (the visual angle through

which each saccade was performed). From Arden, (1962).

The mechanism of the EOG depends upon changes in the membrane voltage of the RPE and
this is determined by the ionic channels and signalling pathways within the RPE. However, a
change in the RPE’s membrane voltages also contributes to two other clinical tests that utilise
light. One is the c-wave that occurs ~ 10 seconds after light onset and is, in part, generated by
the apical membrane of the RPE hyperpolarising which produces a positive change in the TEP
(Steinberg et al, 1970). The second light induced effect on the standing potential of the eye can
be seen by alternating between light and dark cycles at one-minute intervals. In the dark phase
the standing potential increases and in the light phase the standing potential falls creating a fast
oscillation (FO) that has a period of 60 - 75 seconds. The FOs are believed to be due to a
decrease in OF transport by CFTR (Blaug et al., 2003).
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1.8 lonic Channels Associated with the EOG

The principal ionic channels of the RPE that are known to be or are implicated in the changes in
membrane voltage associated with the c-wave, the FOs and the light-EOG are summarised in
table 1.1 overleaf. At the apical membrane, there is the inward rectifying K+ channel, the Na-K-
2Cl cotransporter, NaKATPase pump and CFTR. At the basal membrane, CFTR is present as
well as bestrophin, CaCC and the L-type Ca2+ channel. CIC chloride channels have also been

identified in a foetal human RPE cell line but their localisation is unknown.
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Table 1.1 lonic Channels and Transporters in Mammalian RPE

Channel

Kir

CFTR

CaCC

Bestrophin
hBest 1-4

L-type Ca2+

Cic

Na-K-2Cl

NaKATPase

Gating/Regulation

Hyperpolarisation

ATP and PKA

Calcium

Calcium

Cell swelling

Bestrophin
Depolarisation
PTK, PKC

PKA

Cell swelling

Cell Volume

ATP

Summary of principal channels

Localisation |-V curve
Inward
Aplcal/Basal
Rectifier
Apical/Basal Linear
Basal Linear
Linear
Inward and
Basal
Outward
Rectifiers
Voltage
Basal
dependent
Mild
Apical/Basal? outward
rectification?
Apical —
Apical —

electrophysiological responses associated with mammalian RPE.
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EOG

C_

wave

FO ?

and

EOG ?

EOG

EOG ?

EOG

FO

Reference(s)
Hughes and
Takahira,
(1996)

Wills et al.,
(2000); Blaug
etal., (2003);
Reigada and
Mitchell, (2005)
Ueda and
Steinberg,
(1994);
Loewen et al.,
(2003)
Marmorstein et
al., (2000);
Fischmeister
and Hartzell,
(2005)

Mergler et al.,
(1998); Strauss
et ai, (2000);
Rosenthal et
ai, (2006)

Wills et ai,
(2000)

la Cour et ai,
(1997)

Miller et ai,
(1978)

involved in alterations of membrane voltage in the



1.8.1 Chloride Channels of the RPE

Chloride channels have been shown to be responsible for the change in the TEP of the RPE
associated with the light-rise of the EOG (Gallemore and Steinberg, 1993). However, the nature
of these channels and their involvement in the depolarisation of the basal membrane that leads
to the light-rise has yet to be fully elucidated. This is in part due to the non-selective nature of
chloride channel blockers but also the many other regulatory kinases that modulate gating. For
reviews see Nilius and Droogmans, (2003) and Eggermont, (2004). In the RPE there are three

main chloride channels expressed that could be implicated in the alcohol-EOG.

1.8.1.1 Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)

Cystic fibrosis (CF) is an autosomal recessive disorder caused by mutations in the gene
encoding for CFTR (Rich et al, 1990). The gene responsible for CFTR encodes for a chloride
channel that belongs to the ATP-Binding Cassette family (Riordan et al, 1989; Rommens et al.,
1989; Dean and Allikmets, 2001). The intracellular portion of CFTR consists of two nucleotide
binding domains (NBD1 and NBD2) separated by a large polar regulatory domain with sites for
phosphorylation by PKA and PKC (Riordan et al., 1989). CFTR protein is expressed in cultured
adult human RPE cells (Weng et al., 2002) as well as in the transfected human RPE foetal cell
line (Wills et al., 2000). It has been localised to the basal and apical membranes in primary
human foetal RPE explants where it appears to localise to a greater extent at the basal

membrane (Blaug et al., 2003).

The predominant mutation in Caucasian CF is a deletion of phenylalanine at position 508 in
NBD1 and is termed the A508 mutation (Cutting et al,, 1990; Lemna et al., 1990). This mutation
results in CFTR being unable to reach the plasma membrane (Puchelle et al, 1992) and is
degraded in the ER (Yang et al, 1993). Gating of CFTR depends upon the priming of the
channel with PKA at the intracellular regulatory domain and binding of ATP at NBD1 and the
hydrolysis of ATP at NBD2 (Li et al, 1988; Vergani et al., 2005). For reviews see Riordan, (2005)
and Linsdell, (2006). CFTR currents are non-rectifying when Cf concentrations are symmetrical

across the membrane (Anderson et al., 1991a, b; Kartner et al., 1991).

1.8.1.2 Role of CFTR in the RPE

CFTR is thought to play a role in fluid regulation by the RPE because it can transport CI" (Blaug
et al, 2003). However, if CFTR was significantly involved in fluid regulation then it would be
expected that CF individuals would be prone to retinal oedema which is not observed (Loewen et
al., 2003). However, CFTR could produce current and voltage changes across the RPE and
transport molecules through the membrane which could affect other ionic channels as well as
potentially playing a role in the regulation of intracellular pH (pHin). CFTR has a major role in
regulating pH of the gut (Kopelman et al., 1988) and the lung where CFTR apparently controls a
direct HC03~ conductance (Coakley et al., 2003), which accounts for the acidic nature of the
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airway mucosa in CF sufferers. Whether CFTR plays a role in regulating pHjnin mammalian RPE
is unknown. CFTR is implicated in altering the conductance of at least three other ionic channels.
One is the inhibition of the epithelial sodium channel (ENaC) (Ismailov et al., 1996) and inward
rectifying K+ channels (Kir), (Loussouarn et al, 1996). However, CFTR also is implicated in
activating outward rectifying chloride channels (ORCC) (Schwiebert et al., 1995; Peterson et al.,

1997; Braunstein et al., 2004). For review see, Kunzelmann, (2001).

However, the transport of ATP by CFTR is of more interest to the RPE. Experiments using
bovine RPE and a human RPE cell line also suggest that CFTR increases ATP in the sub-retinal
space following activation (Reigada and Mitchell, 2005). It has been proposed that the transport
of ATP could contribute to the light-rise of the EOG by stimulating Ca2+signalling (Peterson et
al., 1997; Reigada et al.,, 2005; Reigada and Mitchell, 2005).

1.8.2 Calcium-Activated Chloride Channel (CaCC)

The CaCC is a chloride channel that is regulated by an increase in intracellular [Ca2], CaCCs
were first identified in Xenopus oocytes where a rise in [Ca24infollowing fertilisation led to a
depolarisation of the oocytes that prevented further entry of sperm (Miledi, 1982; Barish, 1983).
CaCCs are believed to be responsible for fluid regulation in the RPE via ATP or adrenergic
coupled regulation (Peterson et al, 1997, 1998; Rymer et al., 2001). A partially inhibitable CaCC
current by 4,4'-diisothiocyanostilbene-2,2’-disulphonic acid (DIDS) was first identified in neo-natal
rat RPE (Ueda and Steinberg, 1994). However, these currents were short-lived and only
responded to non-physiological ranges of [Ca24jin- In canine RPE CaCCs are expressed in the
basal membrane and contribute to fluid secretion to a greater extent than cAMP activated
chloride channels (Loewen et al., 2003). CaCC channels have also been demonstrated in human
foetal (Quinn et al., 2001) and bovine RPE with stimulation with epinephrine (Rymer et al., 2001)
or ATP (Peterson et al., (1997).

1.8.3 Bestrophin

Best’s vitelliform macular dystrophy (VMD) (Best, 1905) is an inherited autosomal dominant
disease with a variable age of onset from childhood to adulthood (Renner et al, 2005). It is
characterised by a central ‘egg-yolk’ vitelliform lesion at the macula that eventually develops into
a disciform scar impairing vision. The gene responsible for Best's (VMD2) has been identified
(Forsman et al., 1992; Petrukhin et al, 1998; Marchant et al., 2001). It codes for the bestrophin
protein, which is specifically expressed at the basal membrane of human, porcine and macaque
RPE (Marmorstein et al., 2000). There are four human homologues of human bestrophin (hBest
1-4) with differing |-V relationships (Tsunenari et al., 2003).

Several mutations of VMD2 result in Best's disease that are phenotypically similar with a

decreased light-rise and macular lesions (Marchant et al, 2001). However, there is a report of

30



normal light-rises in individuals with Best’'s disease and mutations in VMDZ2 which indicates that

bestrophin may not be essential for the development of the light-rise (Pollack ef at., 2005).

Bestrophin was predicted to form an ionic channel based upon its amino acid sequence (Gomez
et al, 2001). The first evidence that bestrophin was a chloride ion channel gated by Ca2+ was
demonstrated when hBestl and hBest2 were transfected into human embryonic kidney cells
(HEK 293). Whole cell recordings identified a CP conductance that was increased by [Ca24in
(Sun et at, 2002). Furthermore, the expression of Xenopus bestrophin (xBest-2a) that shares
homology to hBest-2 into HEK 293 cells also showed CaZtactivated chloride currents. When
mutant Xenopus bestrophins were expressed there was a loss of or reduction of the Ca2+
activated chloride current depending upon the mutant (Qu et at, 2003). Furthermore, when
mouse bestrophin (mBest2) was expressed into three different mammalian cell lines a Ca2+
activated chloride channel was present whose permeability and anion selectivity were altered by
mutations (Qu et at, 2004; Qu and Hartzell, 2004). In a patch clamp study Ca2was shown to
increase the chloride current in hBest4 but the activation and deactivation of these currents were
very slow and therefore other signalling mechanisms were proposed to be involved in modulating
the opening and closing of the channel (Tsunenari et at, 2006). These studies all strongly
suggested that bestrophin was the Ca2+gated chloride channel responsible for the light-rise.
However, this model has become more complicated with recent findings in animal models of

Best's.

Marmorstein et at, (2004) transfected rat RPE with wild-type isoform of human bestrophin
(hBest-1) or two mutant variations (W93C and R218C). Recordings were made of the ERG and
EOG components. The authors found that in rats over expressing wild-type bestrophin the
amplitude of the light-rise was reduced which would not be expected if bestrophin was the
chloride channel responsible for this response. However, the time to peak was faster in the wild-
type transfected group. The authors concluded that bestrophin may not generate the light-rise
but serves as an intermediary in this response and may modulate the timing of the response. Of
the two mutant bestrophins, the W93C reduced the light-rise amplitude more than the R218C.
However, in the W93C mutant the light-rise response was the fastest of any of the transfected

rats but the R218C mutant did not alter the timing of the response (Marmorstein et at., 2004).

The question of whether bestrophin is or is not a CaCC has been raised by the observation that
bestrophin increases the rate of entry of Ca2t through L-type Ca2t channels into the RPE
(Rosenthal et at, 2006). Bestrophin now appears not to be a chloride channel but a regulator of
Cazt influx. The initial signal from the photoreceptors to the RPE that initiates the light-rise is still
unknown but it has been suggested that ATP may be light-rise substance (Peterson et at., 1997,
Reigada and Mitchell, 2005; Marmorstein et at, 2006). When [Ca24in was increased in mouse
RPE with ATP the change in [Ca2{inwas five fold higher in Vmd2 null mice compared to controls
which is the only direct experimental evidence for ATP being the light-rise substance

(Marmorstein et at, 2006). Bestrophin is now seen as a regulator of Ca2t+ entry as well as re-
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uptake of CaZ+ by the ER. Bestrophin does not seem to contribute to the increased basolateral

CE conductance that generates the light-rise.

Bestrophin may also play a role in volume regulation. Whole cell recordings from transfected
cells expressing human or mouse bestrophins (hBestl or mBest2) showed a large decrease in
current when the extracellular solution was hyperosmolar. A slight increase in current was found

when the extracellular solution was hypo-osmotic (Fischmeister and Hartzell, 2005).

1.8.4 CIC Chloride Channels

These channels are distributed throughout the body in epithelia, skeletal muscle and neurons.
CIC (chloride channels) were first identified in the electric organ of the Torpedo ray (White and
Miller, 1979). Nine types of CIC channels have been identified in mammals and CIC-2 activates
slowly at hyperpolarising membrane voltages and has a linear |-V curve (Thiemann eta/., 1992).
The diversity of CIC-2 distribution implies that it has a key role to play in epithelial and non-
epithelial cells. The electrophysiology of the different types of CIC channel is not identical. CIC-2
has slight inward rectification in the range from -180 mV to +50 mV that is slowly activated both
by hyperpolarisation, extracellular acidification, PKA and AA (Cuppoletti et at, 1993; Jordt and
Jentsch, 1997; Tewari et at, 2000). CIC channels are typically closed at resting membrane
potential. Their main role seems to be in regulating cell volume (Grunder et at, 1992; Strange et
at, 1996; Furukawa et at, 1998; Xiong et at., 1999).

CIC-2 is found in the RPE, and in a CIC-2 knockout mouse, retinal degeneration and testicular
atrophy were the only defects (Bosl et at, 2001; Nehrke et at, 2002). It is highly likely that CIC-2
in the RPE plays a vital role in either the regulation of cell volume, pHat and fluid secretion as it
does in other epithelia (Cuppoletti et at, 1993; Malinowska et at, 1995). CIC-2, CIC-3, CIC-5 and
CFTR are co-expressed in a human foetal RPE cell line (Wills et at, 2000). CFTR and CIC-2 are
both activated by PKA (Cid et at, 1995; Tewari et at, 2000). Therefore, CIC-2 may provide an
alternative CP conductance when CFTR is defective (Thiemann et at, 1992; Schwiebert et at,
1998; Blaisdell et at., 2000).

1.9 Calcium Channels of the RPE

In cultures of human RPE a variety of peptides, growth factors, amino acids and agonists have
been shown to elevate [Ca24in via IP3 generation (Kuriyama et at, 1991, 1992; Feldman and
Randolph, 1993; Ammar et at, 1998; Quinn et at, 2001). In addition, Ca2+is required for binding
and ingestion of rod outer segments in cultured rat RPE cells and together with PKC plays a role
in inhibiting phagocytosis (Hall et at, 1991, 2001,2002). Resting cytosolic free [CaZin in human
cell cultures is estimated to be approximately 70 - 200 nM (Feldman et at., 1991; Kuriyama et &,
1991, 1992) which is significantly lower than the millimolar extracellular concentration. Therefore,

there is a favourable electrochemical gradient for Ca2+to enter the RPE and consequently there
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are a number of active pumps and transporters that operate against the concentration gradient to

maintain [Ca24in low.

1.9.1 Nat/Ca2+Exchanger and the Ca2~ATPase Pump

Efflux of Caz from the cytosol is in part accomplished by utilising the favourable high
extracellular Na+ concentration maintained by the NaKATPase pump. The sodium-calcium
exchanger (NCX) was first identified in heart muscle (Reuter and Seitz, 1968). Three members of
this family have been identified. NCX1 is expressed ubiquitously and transports three Na+ions
out in exchange for one Ca2+ ion into the cytosol. The other two types, NCX2 and NCX3 are
limited to brain and skeletal muscle. A NCX was identified in the apical membrane fraction of
bovine and fish RPE cells (Fijisawa ef al., 1993). In man, cardiac NCX1 protein is present in both
retina and RPE (Mangini et al, 1997; Loeffler and Mangini, 1998). This exchanger is extremely
fast and in the RPE, it would act to rapidly regulate [Ca2{jinwhen sudden rises in [CaZ4in occurred

by extruding Ca2+from the cytosol.

Another mechanism that moves calcium across the plasma membrane is the (Ca2~Mg2H-
ATPase pump (PMCA) (Kennedy and Mangini, 1996). PMCA uses the energy of ATP hydrolysis
to actively transport Ca2+ against its concentration gradient to remove Ca2 from the RPE’s

cytosol (Kennedy and Mangini, 1996).

1.9.2 Voltage-Gated Caz2+Channels (L-type)

The NCX1 and the PMCA provide a route for Ca2+ exit the RPE, a means of Caz+ influx is also
required. Voltage gated Ca2+channels are found in skeletal muscle, heart, neurons and epithelia.
The voltage dependent L-type Ca2+ currents were first observed in the heart (Orkand and
Niedergerke, 1964). In the heart two types of voltage gated Ca2+ channels were identified, the
low voltage activated (LVA) or ‘transient’” T-type channels which are activated by small
depolarisations and are rapidly deactivated. The second was the high voltage activated (HVA)
channel that activated with large depolarisations and had a slower inactivation. This channel was

termed the L-type for ‘long’ activation (Nowycky et al., 1985).

L-type Ca2+ channels are formed by 5 protein subunits (a® a2 p, 5 and y) with the cg-subunit
forming the pore, voltage sensor and binding site for drugs. The a2and 5-subunit are linked by a
disulphide bond and anchor the channel to the plasma membrane. The a2and p-subunits have
sites for phosphorylation by kinases. The L-type Ca2+ channel is inhibited by dihydropyridines
(nifedipine), phenlalklamines (verapamil) and benzothiazepines (dilitazem) (Flockerzi et al., 1986;
Rane et al., 1987; Garcia et al., 1990). For further review, see Dolphin, (1995).

The gating of L-type CaZ+ currents depends upon VMwith a greater probability of the channel

opening as the membrane depolarises. L-type voltage-gated Ca2+channels were first identified in

fresh and cultured RPE cells from rat (Ueda and Steinberg, 1993). Strauss has identified that the
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L-type Ca2t channels in the RPE are of the neuroendocrine subtype that are found in neurons,
neuroendocrine cells, heart and pancreatic islet cells. These L-type channels possess the a1b
subunit and are regulated by both PKC and PTK. This important aspect of the regulation of L-
type Caz+ channels would provide a means by which growth factors that activate PTKs could
result in an increase in [Ca2jin Possible growth factors that regulate PTKs would be bFGF
(Mergler et at, 1998) or platelet-derived growth factor (PDGF) (Heldin et at, 1989) whose
receptors are expressed on the RPE (Yoshida et at., 1992; Bost et at, 1994).

The increased Ca2+ conductance found in dystrophic rats may also interfere with phagocytosis
(Hall et at, 1991). L-type CaZ+currents in cultured human and rat RPE cells show dual regulation
by PTK and PKC, with the level of PKC activation determining whether PTK increases or
decreases the L-type Ca2+current (Strauss et at, 1997, 1999, 2000).

L-type Ca2+channels have been recently shown to be involved in generating the sustained Ca2+
signal for the light-rise in mice (Marmorstein et af, 2006). The kinetics of this channel is
increased by bestrophin which increases the rate of Caz+ influx (Rosenthal et at, 2006).
Furthermore, mice lacking the L-type Ca2+ channel's (34subunit had a significantly reduced light-
rise and also reductions in the c-wave and FOs. Therefore, the L-type Ca2+ channel with the (3%

subunit is required to generate a normal light-rise (Marmorstein et at., 2006).
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1.10 Electrophysiology of the RPE

The light-evoked responses of the eye may be separated in terms of their time-course with the
EOG being the slowest electrical change to be manifested. Figure 1.5 shows some of the
commonly recorded electrophysiological measures in relation to the light stimulus. In this study
the primarily concern is the effect of ethanol on the ocular standing potential but several other
electrical signals are associated with light stimulation of the dark-adapted eye. The fast’
components that occur in < 1 second form the ERG and the ‘slower’ components that occur
over 10 seconds to 10 minutes and are the c-wave, the FOs and the EOG. The slower

components derive from changes in the membrane potentials of the RPE.

Figure 1.5 Light-Evoked Responses of the Eye

The time course of various responses generated by light. The fastest responses originate in the
photoreceptors and neural retina which generate the a- and b-waves of the ERG. The RPE
contributes to the generation of the c-wave, FOs and the light-rise of the EOG. Modified from,

Marmor and Lurie (1979).

1.10.1 The Fast Components of the ERG

The components of the ERG were originally recorded from frog eyes and were labelled
according to their latency. The initial negative change in the ocular potential, the a-wave, the
second positive change, the b-wave and the third slower positive waveform the c-wave
(Einthoven and Jolly, 1908). Einthoven and Jolly were the first to propose that the ERG was the
product of separate underlying processes that arose from different cells in the eye. The
underlying waveforms (processes) that contributed to the ERG were uncovered in a series of
experiments using ether. The three processes (Pl, Pll and Pill) were based upon their resistance
to abolition by anaesthesia. P1 the first was the most sensitive to anaesthesia and corresponded
to the c-wave, PIl corresponded to the b-wave and Pill corresponded to both the a-and c-waves
(Granit, 1933, 1947). See figure 1.6 overleaf.
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Figure 1.6 Processes of the ERG

The three processes’originally described by Granit (1933) account for the ERG waveform. PI-
was the most sensitive to anaesthesia and was responsible for the slowly developing c-wave.
Pll, the second process was responsible for the b-wave and Pill, the least sensitive to
anaesthesia, was responsible for the a-wave and contributed to the c-wave. Plla and Pllb reflect
interspecies differences in their response to ether with some species showing, a rise in Pll after

Pl was initially removed with ether. The dark bar represents light. Reproduced from, Granit

(1947).

Figure 1.7 shows an early ERG trace from frog with the negative a-wave followed by the positive
b-wave and slower developing c-wave. At light offset, there is a further positive deflection in the

trace - the d-wave. The summation of PI, PIl and Pill give the recorded ERG waveform.

Figure 1.7 ERG Recording

ERG recording from the frog with light stimulus indicated by the black bar below the trace. The
recordings were stopped at the smudge in the trace to allow the c-wave to develop (Granit, 1933).
The a- and b-waves develop in <0.4 seconds. The c-wave is present > 1 second later.

Reproduced from Granit, (1947).

The analysis of the cellular contribution to each of the ERG components was advanced by,
Werner Noell. He used a combination of cytotoxins that selectively affected the RPE and
photoreceptors. By selectively injecting these poisons into rabbits, Noell was able to isolate the

Pl component to the RPE layer (Noell, 1942, 1953).
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I. 10.2 The ERG Fast Components- lonic Currents

The early investigators of the ERG realised that the ERG was a composite waveform derived
from the neural cells and the RPE whose responses overlap in time to generate the ERG.
Alterations in the ionic currents across the membranes of the photoreceptors, bipolar cells, Mdiller

cells and the RPE all contribute to the final changes in the recorded potential across the eye.

The leading negative edge of the ERG a-wave (Pill) is a photoreceptor response. Intra-retinal
depth recordings in cat localised the a-wave response to the outer segments of the rods. The b-
wave was seen as a current sink in the inner nuclear layer and the c-wave to the RPE layer
(Brown and Wiesel, 1959, 1961a, b). Recordings of local membrane currents along the length of
the rods showed that the current responsible for the a-wave was maximal at the level of the outer
segments (Penn and Hagins, 1969). In the dark, a ‘resting’ dark current flows out from the inner
limb of the rod to the outer segment where it returns. Light causes a decrease in this dark current
(Hagins et al., 1970). The first step is the photo-isomerisation of 11-c/s-retinal to all-irans-retinal
that permits the activation of opsin from Rh to active Rh by a conformational change. Rh then
binds to the G,-protein (transducin) which upon dissociation the a-subunit activates cyclic
guanosine monophosphate (cGMP) phosphodiesterase that hydrolyses cGMP (Shimoda et al.,
1984) resulting in decreased cytosolic cGMP concentration (Fung and Stryer, 1980). The fall in
cGMP then results in the dissociation of cGMP from the plasma membrane Na+, K+ Ca2+
channels causing them to close and the outer segment to hyperpolarise as the cations
accumulate outside the membrane and this is recorded as the negative a-wave of the ERG
(Bader et al., 1978; Kurkin and Fesenko, 1982; Woodruff et al., 1982; Miller and Laughlin, 1983;
Zimmerman et al., 1985; Fesenko et al., 1986).

The inner segments contain two main sources for K+regulation and current. Passive K+channels
(Kx) that maintain the outward K+flux in the dark (Yan and Matthews, 1992; Liu and Kourennyi,
2004). To counter the large influx of Na+ in the dark the inner segment is also rich in the
NaKATPase pump (Stirling and Lee, 1980). At light onset the activity of the NaKATPase pump is
not affected by changes in the membrane voltage and there is a continued reduction of
extracellular K+ as the pump continues to exchange intracellular Na+for K+ at the inner segment
(Matsuura et al., 1978; Fujimoto and Tomita, 1979; Oakley Il et al, 1979; Shimazaki and Oakley
I, 1984). The rate of the pump slows over time as levels of intracellular Na+ fall but the
immediate result is that there is a fall in sub-retinal K+ (Oakley Il and Steinberg, 1982). The
decrease in sub-retinal [K4] has implications for the generation of the b- and c-waves (Oakley |l
and Green, 1976).

The b-wave of the ERG (PII) is not related to the RPE and is a bipolar response with some input
from the Muller cells. The spatial buffering of K+by Miiller cells was believed to be the source of
the b-wave (Brown and Wiesel, 1961b; Miller and Dowling, 1970; Karwoski and Proenza, 1977;
Kline et al, 1978; Newman, 1979). However, in the scotopic mammalian ERG the b-wave is now
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thought to be due to depolarisation of the ON-bipolar cells (Xu and Karwoski, 1994; Karwoski
and Xu, 1999).

The RPE and Muller cells directly influence the c-wave of the ERG. The fall in sub-retinal K+
owing to the closing of the dark current in the rods has a major effect on the RPE’s apical
membrane and the Muller cells. The c-wave is the net result of the apical membrane of the RPE
hyperpolarising resulting in an increased TEP seen as a cornea-positive component (Pl). The
second negative component is due to the hyperpolarisation of the distal end of the Muller cells
that generate a slow corneal negative response (Pill) following the a-wave (Karwoski and
Proenza, 1977; Newman, 1989). The fall in sub-retinal K+ results in a change in the driving force
for K+in the RPE and inward rectifying Kir channels open and K+ leaves the RPE resulting in a
corneal positive change in potential (Oakley Il and Green, 1976; Linsenmeier and Steinberg,
1983; Hughes and Takahira, 1996). The net result of the Muller cell hyperpolarisation (negative)
and apical membrane of the RPE hyperpolarising so that the TEP gives a positive potential

change and contributes to the cornea positive c-wave.

111 The Slow Components - The Light-EOG

Two distinct changes in the standing potential have their origins in the RPE's basal membrane
conductance. When light-dark cycles are applied at approximately one-minute intervals, there is
a fall in the standing potential in light and a rise in the dark intervals. This sequence underlies the
FOs of the EOG. When the eye is dark adapted over a 10-20 minute interval there is a fall in
the standing potential (the dark-trough). When the eye is then illuminated, the standing potential
increases slowly and reaches a maximal value at approximately ten minutes following light onset

(light-rise). This process underlies the light-EOG.

Griff and Steinberg, (1982), Linsenmeier and Steinberg, (1982), Valeton and van Norren, (1982)
used a combination of intra-retinal microelectrodes, combined with reference electrodes sited in
the sub-retinal space or retro-ocularly, to prove that the light-rise originated in the RPE. Steinberg
noted that the change in the RPE was dependent on stimulus area (Linsenmeier and Steinberg,
1982). The conclusion was that some ‘light-rise substance’ was generated by light and then
diffused from the rods to the RPE: the concentration depended upon the light intensity, and upon
whether the substance could diffuse away into the un-illuminated portions of the sub-retinal
space. Gallemore et al., (1988) showed that when post photoreceptor signalling was blocked the
light-rise was unaffected, thereby demonstrating that the light-rise substance, however it was

generated, was released by the rods.

Evidence that the light-rise was mediated by an increase in basolateral CL conductance was

shown when four CF channel blockers all abolished the light-rise in chick (Gallemore and

Steinberg, 1989). Furthermore, CF-sensitive microelectrodes inserted into chick RPE showed a

decrease in the intracellular CF activity that matched the light-rise (Gallemore and Steinberg,

1993). Another issue is the role of calcium in regulating the basolateral CF currents that cause
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the light-rise. In cat, Hofmann and Niemeyer, (1985) showed the light-rise was reduced by an

increase of [Ca2at and so Ca2+was presumed to play some role in initiating the light-rise.

In order to quantify the contribution of the apical and basal membranes to the EOG as well as
the role of the neural retina in the generation of the light-rise, preparations of intact RPE-retina
were mounted in modified Ussing chambers. By introducing a microelectrode into the RPE, it
was possible to record VB3 and VAdd differentially by referencing the intracellular electrode to
the basal and apical bath electrodes respectively. Griff and Steinberg, (1982), Linsenmeier and
Steinberg, (1983) passed current pulses between apical and basal electrodes while monitoring
the membrane voltage changes caused across each membrane (AVAdc and AVBsd). Some of
the injected current passes via the paracellular pathway in parallel to the membranes and so the
absolute values of the resistance of apical (RAJG) and basal (RBxsd) membranes could not be

determined. Instead, the ratio of the resistances (the a-value) was obtained (equation 1.v).
a — AVAJQl/ AVBasa| = R ApicaP *Basal 1-V

When the a-value was analysed with the changes in total tissue resistance then it was possible
to determine at which membrane the greatest change in resistance occurred. In lizard (Griff and
Steinberg, 1982), cat (Linsenmeier and Steinberg, 1982) and chick (Gallemore et at, 1988;
Gallemore and Steinberg, 1989, 1991), VBf depolarised in response to light with a rise in the a-
value and a fall in the total tissue resistance. This demonstrated that the change in the standing
potential was due to VB=d depolarising at a faster rate than VAdic and that the conductance was

greater across the basal membrane as the a-value increased.

1.12 Mechanism of the Light-Rise

The basic model of the light-rise is that light releases a substance from the rods that leads to a
change in the basolateral membrane chloride conductance. What this substance is, where it
may/or may not bind to, and ultimately what second messengers are involved and the nature of

the basolateral chloride channel responsible are now beginning to be understood.

The clinical evidence has implicated bestrophin in the generation of the light-rise given that in
Best’s disease the light-rise is reduced (Cross and Bard, 1974; Barricks, 1977; Weleber, 1989;
Pinckers et at, 1996). Marmorstein et at, (2006) have recently proposed a new model for the
role of bestrophin based upon two findings in mouse RPE that lack functional bestrophin. Firstly,
bestrophin was shown to decrease [Ca2{jinfollowing elevation with ATP from the ER stores. This
may have been the result of bestrophin either inhibiting the release or increasing re-uptake of
Caz by the ER. Alternatively bestrophin could have been acting to inhibit the entry of Ca2+
through the L-type Ca2+channel. Secondly the whole cell RPE chloride currents were no different
between bestrophin deficient and control mice. This suggested that bestrophin was not the

chloride channel responsible for the light-rise but was a modulator of [Ca24in.
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An alternative model places CFTR at the centre for the generation of the light-rise. CFTR is an
active transporter of many substrates and ATP is believed to be one of them. CFTR is present at
the apical membrane of the RPE. Therefore, in this proposed model, CFTR transports ATP from
the RPE into the sub-retinal space. At the apical membrane of the RPE there are purinergic
receptors (P:V:) (Sullivan et at, 1997) for ATP and its hydrolysed product adenosine-
diphosphate (ADP). Stimulation of the purinergic receptor results in an elevation of [CaZin and
this could provide the signal for the light-EOG (Reigada et al., 2005; Reigada and Mitchell, 2005).
In conflict with this hypothesis are two abstracts that report that the light-rise is normal in CF
which would suggest that CFTR is not directly responsible for the light-rise (Miller et at, 1992;
Lara et al., 2003).

1.12.1 The Elusive Light-Rise Substance

The identity of the light-rise substance and receptor has continued to elude all efforts at
discovery. The apical membrane of the RPE has various receptors that could conceivably
mediate the light-rise. Dopamine was considered a possible candidate for the light-rise
substance because dopamine levels increase in the sub-retinal space following light onset
(Kramer, 1971). Furthermore, the light-rise was reduced in depressives but elevated in manic
depressives (Economou and Stefanis, 1979) suggesting a possible interaction between
dopamine levels and the light-rise. However, in-vitro studies have been unable conclusively to
demonstrate that dopamine is the light-rise substance (Dawis and Niemeyer, 1986; Textorius et
at, 1989; Gallemore and Steinberg, 1990; Rudolf and Wioland, 1990)

Evidence for the presence of functional adrenergic, muscarinic, neuropeptidic and purinergic
receptors have been identified at the apical membrane of the RPE in a variety of species
(Frambach et al., 1990; Crook et at, 1992; Peterson and Miller, 1995; Ammar et af, 1998;
Mitchell, 2001; Quinn et at, 2001; Rymer et at, 2001; Collison et at., 2005). However, no ligand
for these receptors has been shown to be the light-rise substance. However, ATP is now

regarded as a possible candidate (Marmorstein et at., 2006).
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1.13 The Fast Oscillation

The FO has received less attention than the light-EOG and is not routinely performed in a clinical
setting. However, the FOs have a different origin from the light-rise and are affected differently in
diseases of the eye. The main differences are in Best’'s and RP where the FOs are normal in
Best’s with an abnormal light-rise and in RP the FOs are affected before the loss of the light-rise
associated with the advanced stages of the degeneration (Weleber, 1989; Vaegan and
Beaumont, 1996, 2005). Figure 1.8 shows the FOs remaining normal in the absence of a light-

rise in Best's disease.

Figure 1.8 EOG and FOs in Best’s Disease
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The Ught-EOG and Fast oscillations in Bests disease. Upper trace shows a normal subject and
below an individual with Bests disease. The FOs are recorded at the beginning of the trace and
are represented by the dark arrows. The FOs are preserved in both cases. However, the light-rise
(open arrow) is absent in Bests. The stimulus (light on or off is represented by the square waves
below the lower figure. During the FOs the standing potential falls and rises when the light
stimulus is off. In contrast the light-EOG falls during prolonged darkness (15-30) then rises and

peaks at approximately 10 minutes once the light is returned. From Weleber, (1989).

For the FOs the first step is the photoreceptor-induced decrease in [KHaut in the sub-retinal
space. The activity of the Na-K-2Cl decreases as [KHat is reduced (Joseph and Miller, 1991).
Because now the inward Na\ K+ and CI" flux driven by the apical Na-K-2Cl transporter is
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reduced, the intracellular chloride concentration decreases (Gallemore and Steinberg, 1993).
Consequently, the CFTR transport of chloride across the basal membrane decreases and this
causes a hyperpolarisation of v sasai and a fall in the TEP immediately following light onset. This

decrease in the TEP is recorded as the light-trough of the FO.

In mice that are homozygous for A508 the FOs are reduced but not abolished which suggests
that CFTR is not solely responsible for the FO amplitude. Interestingly the same study found that
the amplitude of the light-rise was reduced more in A508 homozygote mice than the FOs, (which
is not the case in man). The authors suggest that these effects reflect the complex interaction of
CFTR with other ionic channels (Wu et at, 2006).

The current model proposes that the light-rise is dependent upon a Ca2tgated chloride with
bestrophin modulating L-type Ca2+ currents and possibly reuptake of Ca2+by the ER and that the
FOs are dependent in part upon CFTR.

Figure 1.9 with caption on the following page and figure following the description shows the ionic
currents in the RPE during a change from darkness to light and the generation of the FOs and

some of the possible mechanisms for the light-rise.
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Caption to Figure 1.9

A: In the dark, the sub-retinal [kP] is maintained by the photoreceptor dark current. The high
extracellular apical Na+ concentration is used to cotransport kC and CT ions against their
concentration gradients into the RPE. fC is recycled at the apical membrane through the voltage

gated HP channel.

B: Representation of the changes in the TEP during the light-trough of the FOs. Immediately
following light onset the dark current is reduced and the sub-retinal [HP] falls. fC now moves
down its electrochemical gradient through apical voltage-gated kP channels Into the sub-retinal
space so that Vdca hyperpolarises and contributes to the c-wave. However, the reduction in sub-
retinal kP also slows the transport of Na+ and CP by the apical Na-K-2Cl cotransporter.
Consequently, intracellular [CP] decreases which results in a fall in basolateral CP transport by
the cystic fibrosis transmembrane conductance regulator (CFTR). Now the basal membrane

hyperpolarises and there is a fall in the TEP. This is seen as the light-trough of the FO.

C: The putative light-rise receptor LRR is situated on the apical membrane. In one model, the
LRR is purinergic and CFTR activates this receptor through transport of ATP. However, the
actual agonist is still to be determined although ATP is suspected. Activation of either LRR or the
P2Y2 receptor initiates the rise in [Ca2{,n and this is presumed to be the second messenger
involved in the light-rise. The source of Ca2+ may derive from the endoplasmic reticulum via the
generation of inositol triphosphate (IPJ that binds to the IP3R. The increase in [Ca2y,, opens the
CaCC and this is the most likely source of the CP current that generates the basolateral
depolarisation that results in the light-rise. The exact role that bestrophin plays in the light-rise is
still under investigation. However, recent findings have shown that bestrophin can increase the
rate of Ca2+ entry through the L-type Ca2+ channel and also reduces [CaZ2]in following ATP

mediated store release but the mechanism is unknown.
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Figure 1.9 Possible lonic Mechanisms that Alter the EOG Voltage

In the dark at baseline the [K{out~5 mM

t ? Light rise channels N
receptors Apical
(Tight
Junction
| ? EOG Cl channels T A.
~t CaCC }C~estrophin)— <AL-type Ca>--—-~AFTA)-———-
Basal

a
The fast oscillation - light trough < 30 seconds after light onset [K{] .~2 mM

Apical
Endoplasmic
TEP Reticulum  x—------ 1 ip,
Ca2tstore !
Basal

44



1.13.1 Non-Photic EOGs

The lack of specificity with the light-EOG in its inability to differentiate between photoreceptor or
RPE defects has led to the search for other non-photic stimuli that could be used as an
alternative means of investigating the RPE directly. The light-rise is decreased by hypoxia and
increasing blood pH (hypercapnia) in cat (Linsenmeier et al, 1983). In man, the decrease in the
standing potential in response to hypoxia is also seen (Marmor et al., 1985). Intra-venous
infusion of a 7% solution of NaHCO03 decreases the standing potential and this response is
reduced in diseases affecting the RPE such as RP (Segawa, 1987). However, hypoxia or the

sodium bicarbonate EOGs have not become practical clinical tools.

An increase in osmolarity also decreases the ocular standing potential (Madachi-Yamamoto et
al., 1984). This hyperosmolar response is reduced in diabetic retinopathy (Kawasaki et al.,
1984) but not in central serous retinopathy or extramacular drusen (Gupta and Marmor, 1994,
1995). Acetazolamide (Diamox) also reduces the ocular standing potential (Kawasaki et al.,
1986) but this finding has not proven to be a sensitive measure of RPE function (Gupta and

Marmor, 1994, 1995).

Ideally, a non-photic stimulus that would alter the standing-potential would be safe and easy to

administer to a wide range of patients and be able to detect early RPE dysfunction.

1.14 The Alcohol-EOG

Ethanol is a well-known compound that alters human physiology with its interactions with the
central nervous system (CNS) well documented. The electrophysiological effects of ethanol on
the ERG in human show that the b- and c-waves increase but there is little or no effect on the a-
wave (lkeda, 1963; Skoog, 1974; Skoog et al, 1975). These findings suggest that the ionic

channels of the rods are not involved in generating the alcohol-EOG.

The first study to show that ethanol increased the standing potential of the eye was performed by
Skoog, (1975). He found that in man following 400 mg/kg of oral ethanol given after dark
adaptation, the ocular standing potential increased. Arden and Wolf (2000a, b) identified the
potential clinical relevance of the alcohol-EOG. In their initial studies a basic mechanism was
proposed for the interaction between light, alcohol and the RPE. In a series of normal subjects,
they noted that very small quantities of alcohol were required to generate a change in the
standing potential of the eye with 9 mg/kg being sufficient to generate a 30% increase in the

standing potential with saturation occurring at 300 mg/kg (Arden and Wolf, 2000b).
They also noted that the change in the standing potential caused by alcohol had exactly the

same time-course and oscillations that are present in the light-EOG. The mimicry of the alcohol-

EOG to the light-EOG implied that at least a part of the mechanism was the same. To establish a
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model they investigated the interaction of light and alcohol on the standing potential in normal

subjects. The principal findings were:

1: When the individual responses to a low oral dose of ethanol and a low dose of light
were summed, the resulting EOG was exactly equal to the response when the same low doses
of these agents were taken together. That is, low alcohol alone (A) + low light alone (L) = low
alcohol and low light together (L+A). When the levels of L and A were increased to near the
levels of maximal responses then there was no summation, indicating that under these
conditions the change in the standing potential was saturable and that both light and alcohol

shared the same final pathway. (See figure 1.10).

Figure 1.10 EOG Summation of Light and Alcohol

Time from stimulus (minutes)

The summation of tow levels of alcohol (2560 mg/kg) and light (200 Trolands) give the same
response amplitude when the two stimulants are taken simultaneously (250 mg/kg alcohol + 200
Trolands of light). This finding suggests that both light and alcohol share the same final saturable
pathway. From Arden and Wolf (2000b).

2: When light (or alcohol) was given over a background of either light or alcohol then the
interactions were different. Low levels of light or alcohol, when used as a background, reduced
the rise in the standing potential when further light or alcohol was given respectively. That is a
background of light reduces the light response and a background of alcohol reduced the alcohol
response. However, when light was given over a background of low alcohol or alcohol was given
over a background of low light then there was no reduction in the response. This implied that light
and alcohol did not share the same initial receptor and were agonists for different receptors. See
figure 1.11 overleaf.
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Figure 1.11 Effects of a Background of Light or Alcohol
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The upper two figures show that a background of either light or alcohol reduces subsequent
stimulation with either light or alcohol respectively. In this case, the receptor for light and alcohol
are semi-saturated and so subsequent stimulation by the same ligand does not result in a full
response. In contrast, when either light or alcohol is present as a background (lower two figures)
then there is no interference when alcohol or light is given respectively. This finding suggests that

the ethanol and light receptor are different. From, Arden and Constable (2006).

A representation of the model produced by Arden and Wolf (2000 a, b) Is shown in figure 1.12
overleaf. The alcohol-EOG is believed to result from ethanol altering the same basolateral
chloride conductance that generates the light-rise. The way in which this occurs is unknown but
based upon the model the two receptors for light and alcohol are different. It is important to
determine the mechanism by which ethanol acts as the alcohol-EOG provides an
electrophysiological means of assessing one aspect of RPE function that is independent of any
photoreceptor contribution. This is because the alcohol-EOG does not require light and therefore

would be a specific test for the RPE.
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Figure 1.12 Possible Alcohol-EOG Mechanism

Schematic representation of ethanol’s possible interactions with the RPE that could alter the
standing potential of the eye as proposed by Arden and Wolf, (2000a, b). Light is believed to
release a light-rise substance from the rods that binds to an apical light-rise receptor (LRR). This
releases a second messenger that interacts with an intracellular mechanism for generating
another messenger that ultimately results in an increase in the basolateral membrane's
conductance to CP. Ethanol could act on either an apical or basal membrane receptor or pass
through the plasma membrane to act directly on the intracellular generator of the internal
messenger. It is important to note that light and ethanol have separate receptors but both

converge to increase basolateral CT conductance. Whether they utilise the same internal

messenger system is unknown.

1.14.1 The Alcohol-EOG and Retinal Degeneration

The significance of the ethanol induced response on the standing potential of the eye was
investigated in a series of patients with RP and compared to the standard light-EOG (Arden and
Wolf, 2000a; Arden et at, 2000). In this series of patients, the alcohol-rise of the EOG was
reduced more than the small light-rises observed (see figure 1.13 overleaf). This demonstrated
that the alcohol-EOG was revealing a different and perhaps more sensitive measure of RPE

function than light’s interaction with the rods (Arden and Wolf, 2000a; Arden et ai, 2000).
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Figure 1.13 Alcohol- and Light-EOG in RP

time from stimulus, min
The light-EOG is known to be absent when there is marked retinal degeneration. This is
demonstrated in the above figure ( ) with an absent light-rise. However, the alcohol-EOG is
reduced more than the light-evoked response in RP (m). The solid line shows the normal alcohol-

EOG response. From Arden and Wolf (2000a).

A comparison between the light- and alcohol-EOGs in patients with ARMD ranging in severity
from mild to severe showed important differences. In this study, Arden and Wolf, (2003) found
that the alcohol-rises were also reduced compared to the control group and this reduction was
more marked than in the light-rise of the EOG (see figure 1.14 overleaf). These findings may
have been attributable to the thickening of Bruch's membrane with age and therefore a limiting
the final concentration of ethanol reaching the RPE. Alternatively, it could be that in ARMD and
RP the alcohol-EOG is revealing an underlying change in the RPE that is not detected as early
with the light-EOG (Arden and Wolf, 2003).
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Figure 1.14 Alcohol-EOG in ARMD

The above figure compares the light-EOG to the alcohol-EOG in a series of patients with ARMD.
The alcohol-EOG (¢) is affected more than the light-EOG (*) in these patients although both are
reduced when compared to the age matched controls. From Arden and Wolf (2003).

The significance of these findings in man is that the alcohol-EOG is identifying a defective RPE
pathway that is altered in some way that differs for the light-evoked response. Consequently, an
abnormality on the alcohol-EOG would suggest that there is an underlying RPE defect. Thus the

pathway or mechanism by which ethanol alters the standing potential of the eye is of interest.

1.15 Animal Investigations into the Alcohol-EOG

One study showed that ethanol applied to the apical surface of bovine RPE increased the TEP
and the a-value indicating that ethanol was increasing the basolateral membrane conductance
(Bialek et al., 1996). This finding would fit with the clinical picture of the alcohol-EOG; in that

ethanol acts directly upon an RPE receptor to increase the basolateral CP conductance.

Pautler, (1994), performed more extensive experiments to determine the mechanism of the
alcohol-rise in bovine RPE. This study also showed that ethanol increased the TEP when applied
to the apical and basal baths of bovine RPE tissue mounted in an Ussing chamber. However, the
unexpected finding was that ethanol did not produce the change in TEP if the tissue was dark-
adapted and that the response was maximal in green light. The author concluded that ethanol
may be acting on a primitive G-protein-coupled ‘green light’ photopigment that released AA as
the second messenger (Pautler, 1994).
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The effects of ethanol on the standing potential of the dark-adapted sheep and albino rabbits are

similar to those found in man (Knave et a/., 1974; Textorius et al., 1985).

1.15.1 Possible Ethanol Receptor(s)

Ethanol has been studied principally concerning its anaesthetic effects and the consequences of
chronic ethanol consumption. With relation to the eye, excess alcohol during pregnancy also
causes reductions in the rat ERG of the offspring (Katz and Fox, 1991). The most likely sites for
the action of ethanol on the RPE would be either a G-protein-coupled receptor or the L-type Ca2+

channel.

Modulation of the adrenergic receptors by ethanol and the G-protein-coupled signalling pathways
are typically associated with chronic ethanol exposure that results in an up- and down-regulation
of proteins (Mochly-Rosen et al., 1988; Gordon et al, 1990; Simonsson et al, 1991; Miles et al,
1993; Pandey, 1996). At high doses > 50 mM adenylate cyclase’s catalytic activity is increased
(Saito et al, 1985). /3-adrenergic receptors are also a site of action with competitive inhibition
between ethanol and isoprotenerol demonstrated (Valverius et al, 1987; Bode and Molinoff,
1988). Elevation of cAMP in hepatocytes occurs after chronic ethanol exposure whilst acute
exposure decreases cAMP levels (Diehl et al., 1992; Nagy and DeSilva, 1992).

In the limited studies where ethanol has been employed at a physiological level and following
acute exposure there is evidence to show that in the nervous system, ethanol (0.001%)
potentiates PKC signalling via G proteins in the hippocampus (Lahnsteiner and Hermann, 1995).
In the pancreas, low doses of ethanol (0.3 - 30 mM) also increase fluid secretion in the pancreas
by mobilising intracellular Ca2+ and cAMP (Yamamoto et al, 2003). Arden and Wolf predict that
the actual concentration of ethanol to elicit the alcohol-EOG is sub-millimolar and thus represents

a novel action of ethanol at low concentrations (Wolf and Arden, 2004).

Ethanol is known to modulate Ca2+currents of the L-type Ca2+channels in a variety of cells, and
it either increases or decreases these current depending upon the cell type and the
concentration. In rat pinealocytes ethanol (100 mM) inhibits the L-type Ca2+current by 40% (Chik
et al, 1992). However at ’'low’ doses < 120 mM ethanol increases L-type Ca2t currents and

inhibits them at concentrations > 120 mM in a neuronal cell line (Belia et al., 1995).
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1.16 Summary

The light-EOG is a useful clinical tool for assessing the integrity of the RPE-photoreceptor
complex. However, its lack of specificity for either the RPE or photoreceptors has led to a search
for non-photic mediators that can alter the ocular standing potential by interacting with the RPE.
Alcohol, promises to be one such substance which mimics the light-evoked responses of the eye
and is reduced in to a greater extent than the light-EOG in retinal degenerations. The aim of this

study is to determine how ethanol interacts with the eye in order to generate the alcohol-EOG.
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2 In vitro Modelling of the RPE
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21 Introduction

In order to investigate the underlying mechanism of the alcohol-EOG it was desirable to
establish a suitable in vitro model of the RPE. One approach was to use cell lines derived from
human RPE that either have an inherent ability to undergo indefinite mitosis or to use cell lines
that have been transfected with a viral vector that confers immortality. Two RPE cell lines were
used in this study, ARPE-19 (Dunn et at, 1996) and D407 (Davis et at, 1995) that are both
derived from adult human donors. ARPE-19 has been the most extensively utilised to study
human RPE in vitro. Of interest was whether through the manipulation of the culture conditions
the TER of ARPE-19 could be maintained at a level that would make it possible to use this cell

line in the investigation of the alcohol-EOG.

In the developing RPE, secreted retinal factors influence the formation of tight junctions (Rizzolo
and Li, 1993; Ban and Rizzolo, 1997, 2000a; Ban et at, 2000). The development of tight
junctions in the RPE has been most extensively studied in embryonic chick RPE cells by Rizzolo.
His group has determined that that culture conditions, the age of the RPE and the neural retina
(from where the secreted factors were isolated) all determine the final TER and paracellular

permeability of the monolayer.

These secreted factors differ over time with the more mature embryonic day-14 (E14) retinal
factors increasing the TER of chick RPE cells to a greater extent than E7 conditioned retinal
medium (Rizzolo and Li, 1993). Further investigation of the source of these factors identified in
E7 retina a small < 10 kDa protease resistant growth factor as one component. In E14 retina this
small factor was absent but a larger and more potent protease sensitive protein was present with
a mass of 49 kDa (Ban and Rizzolo, 2000b). The factors derive from the neural retina although it
is not known from which cell type or types they originate. However, the slow changes in the TER
over time implied that the factors were altering gene expression in the RPE cells. The addition of
fibroblast conditioned medium to the basal compartment with retinal conditioned medium in the
apical chamber increased the TER in E14 chick RPE to ~ 230 Q.cm2 (Rahner et at., 2004).

The dependence on tight junction formation and secreted retinal factors suggested that the RPE
cell lines may also be sensitive to similar factors. Given the anatomical location of the RPE, the
most likely source of these factors would be the photoreceptors or bipolar cells (neural retinal
factors) or from the Miller cells (glial cells). A less likely but possible source would be from the
astrocytes that are found in the inner retina where they contribute to the formation of and

maintenance of the inner blood retinal barrier (Gardner et at., 1997; Zhang and Stone, 1997).

In this section, different methods were used to try and enhance the barrier properties of ARPE-
19. One was to modify both the cell culture substrate, and to use a defined cell culture medium
that replicated some of the likely factors that the RPE would encounter in situ. Furthermore,
ARPE-19 were grown in co-culture with glial cells whose secreted factors may simulate those of

the retinal factors identified as being important in tight junction formation.
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2.2 Epithelial Cell Lines

Cell lines are derived from sub-cultures of native cells and provide a means of modelling the
behaviour of the parent cell. However, the process of sub-culturing over generations decreases
the similarity between the parent and daughter cells. One reason for this de-differentiation may
be the lack of particular factors that are present in situ. Consequently, cell lines, though providing
a useful model, do not exactly replicate the parent cell. Micro-array studies comparing the
genetic profile of ARPE-19 cells to primary cultured human and native macula RPE cells (from
three elderly donors) display variation. However, the micro-array used in these studies was not
specific for RPE gene expression but consisted of an array of genomic human DNA. The gene
profile between ARPE-19 and native human RPE cells was closest when the ARPE-19 cells

were grown on laminin, collagen IV or fibronectin (Tian etal., 2004).

Foetal human RPE has been shown to retain its phenotype when grown in specialised medium
(Hu and Bok, 2001). The RPE with age becomes senescent and difficult to culture without losing
the RPE's phenotype. Cultured human RPE cells typically lose their pigmentation and the
expression of ionic channels differs to that of native RPE (Ueda and Steinberg, 1995). Cultures
of adult donor RPE were attempted but the rate of growth was slow and often the sub-culture
was contaminated with non-epithelial cells that quickly overtook the culture. Furthermore, the
post mortem delay for adult RPE was at best 28 hours" but typically 72-96 hours which

compromised the cell’s integrity.

221 ARPE-19

ARPE-19 cells are a spontaneously arising cell line derived from a 19-year-old male donor. The
cells were isolated by selective trypsinisation to produce a sub-culture that best resembled the
cobblestone morphology of native RPE (Dunn et al., 1996). The mRNA for two specific RPE
proteins: cellular retinaldehyde binding protein (CRALBP) and RPEG5 were identified by Northern
blots and the protein identified using Western blots and immunocytochemistry. When this cell line
was grown in reduced serum on laminin coated permeable filters at a density of 1.66 x 105
cells/cm2the TER obtained was 35 Q.cm2 However, the TER was increased to 90 Q.cm2when
the cells were grown in a specialised medium (Bok et al, 1992) defined for human RPE. The
chromosomes of this cell line showed a deletion of the long arm on chromosome 8 and a small

addition to the long arm of chromosome 19 (Dunn et al., 1996).

ARPE-19 cells have been used to model numerous aspects of native RPE physiology and
pathophysiology such as ATP transport via CFTR (Reigada and Mitchell, 2005), the cellular
mechanism of ARMD (Higgins et al, 2003; Kim et al, 2003; Amin et al, 2004; Martin et al.,
2004; Chen et al, 2005; Miceli and Jazwinski, 2005). They have also been used to model the
blood-brain and blood-retinal barriers (Abe et al., 2003; Fukuoka et al, 2003; Toimela et al,
2004). ARPE-19 cells have been used to model fluid transport coupled to taurine transport

(Bridges et al, 2001b; EI-Sherbeny et al, 2004), the phagocytosis of rod outer segments
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(Finnemann et al., 1997; Chowers et at, 2004), cell polarity (Dunn et at, 1998) and oxidative
stress (Alizadeh et at, 2001; Weigel et at, 2002, 2003 Garg and Chang, 2003; Bailey et at.,
2004; Strunnikova et at, 2004). This cell line has also been shown to rescue photoreceptors
following sub-retinal transplantation into the Royal College of Surgeons’ (RCS) rat model of
retinal degeneration where they restored some visual function (Lund et al, 2001; Wang et al.,

2005; Sauve et al., 2006).

ARPE-19 cells were supplied by the European Collection of Animal Cell Cultures (ECACC,
Salisbury, UK) at passage 202 Figure 2.1 below shows ARPE-19 cells in culture (passage 33).
All cell images in this section were acquired on a Nikon TS120 eclipse phase contrast inverted
microscope (Nikon, Kingston, UK) with a 10 x objective, numerical aperture (NA) 0.25 equipped
with a digital camera, Spot 221 (Diagnostic Instruments Inc, Livingstone, UK). Images were
acquired using Spot software version 3.45 (Diagnostic Instruments Inc) and stored on computer

hard drive.

Figure 21 ARPE-19 Cells in Culture

ARPE-19 cells grown under standard culture conditions exhibit an heterologous epithelial

morphology. (Scale bar lower right is 100 pm).

2.2.2 D407

D407 is also a spontaneously arising cell line derived from a 12-year-old male donor with the
sub-culture established by selective trypsinisation. When originally described, D407 formed tight
junctions and some apical microvilli. CRALBP was identified using immunocytochemistry and the

D407 cell line retained the ability to phagocytose rod outer segments. The karyotype was normal

2
Passage number: The passage number is an indication of the number of times the cell has undergone

mitosis.
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with early passage numbers having 44 + 2 chromosomes. With increased passaging of the cells

(beyond 52) the number of chromosomes identified was 70 * 4 (near triploid) (Davis et al., 1995).

D407, has similarly been used to model human RPE behaviour including phagocytosis
(Mannerstrom et al., 2001), pathogenesis of ARMD (Zhang et al, 2002) and drug delivery
(Pitkanen et al., 2003). D407 has not been as extensively studied as ARPE-19 with respect to its

gene profile.

The D407 cells were a generous gift of Prof Richard Hunt, University of South Carolina, CA,
USA and were supplied at passage 80. Figure 2.2 shows D407 cells in culture at passage 88.

Figure 2.2 D407 Cells in Culture

D407 cells exhibit an epithelial morphology when grown in culture. (Scale bar lower right is 100

pm).

2.2.3 ECV304

ECV304 was originally isolated from human umbilical vein and proposed as a potential model for
human endothelial cells (Takahashi et al, 1990). However, it was subsequently shown that
ECV304 had been incorrectly deposited and was actually the T24 cell line that was derived from
human bladder carcinoma cells (Dirks et al., 1999; Brown et al., 2000; Tan et al., 2001; Drexler.
et al., 2002). ECV304 was used as a positive control to compare the level of induction in ARPE-
19 with another epithelial cell whose increased TER have been well established when grown with
the C6 astroglial cell line (Hurst et al., 1998). ECV304 has been used to model the formation of
tight junctions in the RPE (Penfold et al., 2000; Tretiach et al., 2004).
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ECV304 cells were generously provided by Prof Joan Abbott at King's College London at
passage 15. Cells were originally sourced from ECACC. Figure 2.3 shows ECV304 in culture.

Figure 2.3 ECV304 Cells in Culture
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ECV304 cells closely resemble the epithelial cobblestone morphology. (Scale bar lower right is
100 pm).

2.3 Glial Cell Lines: C6 and MI0-M1

The C6 cell line was derived from a rat glial tumour that was induced by the tumourigenic agent
N-nitrosomethylurea (Benda et al., 1968). C6 is not of retinal origin but is used to simulate the
astrocytes in the blood brain barrier models (Tan et al., 2001). Therefore, C6 cells were used to

simulate the astrocytes in the retina as the potential source of secreted retinal factors.

The immortalised human Muller cell line designated MIO-M1 was utilised as a potential source of
secreted retinal factors. Factors from the RPE can increase Muller cell proliferation (Jaynes et
al., 1995; Jaynes and Turner, 2000). Mller cells can increase the barrier properties of vascular
endothelial cells (Tretiach et al, 2005). However, whether there is a potential for Muller cell

derived factors to up-regulate tight junctional proteins in the RPE is unknown.

MIO-M1 were derived from a 68 year-old female donor and isolated by cloning cells that
expressed Muller cell markers (Limb et al., 2002). MIO-M1 cells were a generous gift of Dr Astrid
Limb from the Institute of Ophthalmology and supplied at passage 65. C6 cells were generously
provided by Prof Joan Abbott at King's College London at passage 118 and were sourced
originally from ECAAC. See figures 2.4 A -C6 cells and 2.4 B -MIO-M1 cells for these cell lines

in culture.
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Figure 2.4 C6 and MI0-M1 Cells in Culture

C6 cells are in the upper panel (A) and MIO-M1 cells are on the lower panel (B). Both cell types
exhibit a glial-like morphology with extended cell bodies (Scale bars lower right are 100 pm).
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2.4 Trans-Epithelial Resistance and Potential

The polarisation of ionic channels in the apical and basal membrane are segregated by the
intercellular tight junctions which establishes the TEP and the TER. Table 2.1 below gives
reported values of the TEP and TER in primary explants of animal tissue. Table 2.2 (overleaf)
gives these values for human RPE in culture and primary explants depending upon age. All
animal preparations exhibit a TER of > 100 Q.cm2 and human RPE-choroid preparations range

from 18 - 480 Q.cm2

The measurements of the TERs are not always comparable across studies with different
recording techniques affecting the result. For example, intracellular recordings from a monolayer
will give higher values than those obtained in an Ussing chamber. Also the temperature will affect
the TER with a low temperature associated with a higher TER such as those taken after allowing
the cells to rest outside of the incubator at room temperature before taking a reading (Gonzalez-
Mariscal et at, 1984; Luo eta!l., 2006).

Table 2.1 TEP and TER in Animal RPE

Species TER (Q.cm2) TEP (mV) Reference

Bovine 160 - 220 8-9 Edelman and Miller, (1991)
Bovine 138 £7 61 Joseph and Miller, (1991)
Bovine 152 + 12 51 +11 Miller and Edelman, (1990)
Bovine 100 £+ 18 6.0 £ 04

Arndt et ai, (2001)
Porcine 262 t 46 3.8 2.5
Chick' 1155 49+03 Gallemore étal., (1993)
Chick* 1950 + 520 540+ 1.20 Kuntz et al., (1994)
Chick — 8-12 Gallemore and Steinberg, (1991)
Bufo 3400 £ 800 234 +£64 Griff, (1990)
Rana 134 £ 3 9.9+0.3 la Cour, (1992)
Canine 129 +34 49 +1.7

Quinn and Miller, (1992)
Feline 280 to 420 46to 15.0

Table of the electrical parameters of the RPE in animal species. The TER is > 100 Q.cm2 and

the TEPs are > 5 mV. (T) - denotes trans- tissue resistance (retina-RPE-Bruch).

Cell cultures derived from human tissue also display variability in the reported TERs and TEPs
reported depending upon the age of the RPE and the culture medium. Cultured human RPE are
reported to obtain a TER of 70 Q.cm2that can be enhanced by specialised medium. The TEP of
adult human RPE is reported to be 0.9 -3.5 mV and the TER ranges from 36 to 215 Q.cm2
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Table 2.2 TEP and TER in Human and Cultured RPE

I Human TER (Q.cm2 TEP (mV) Reference
Foetal 225 + 30 1.3+0.2
2 years 440 + 97 6.4+15 Huetal, (1994)
21 years 215 +38 21 0.2
30 - 69 years 36— 148 0.9to 3.5
Quinn and Miller, (1992)
Foetal 18 — 486 0.3t0 4.8
Adult (Cell Culture) 70 + 12 0.6 £0.2 Hernandez et ai, (1995)
Adult (Cell Culture) 444 + 65 — Rajasekaran et al., (2003)
Foetal (Cell Culture) 834 + 31 — Hu and Bok, (2001)

Table of the electrical parameters of the RPE in human primary explants and cell culture. The

TERs are generally > 100 Cl.cm2and the TEPs vary from 0.3 to 6.4 mV.

241 TER in ARPE-19

The majority of studies report a TER of ARPE-19 in the region of 20 - 40 Q.cm2when grown in
reduced serum (table 2.3 overleaf). High resistances have been reported when the substrate is
altered to porcine lens capsule which induced polarisation and up-regulation of tight junction and
basement membrane proteins (Turowski et al., 2004). The report of Bridges et al., (2002) with a
TER of 300 Q.cm2is exceptional given the standard conditions in which the cells were cultured.
Most recently, the variability in the TERs reported for ARPE-19 seem to derive from the fact that
these cells have a mixed phenotype depending upon the culture conditions with only a small

percentage of cells retaining completely differentiated epithelial junctional proteins (Luo et al.,

20086).
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Table 2.3 Published TER for ARPE-19 Cells

TER (Q.cm") Condition Author
35 DMEM:F12 1% FBS on laminin
Dunn et al., (1996)
9N Specialised Medium'on laminin
DMEM:F12 1% and 10% FBS on types | and llI
60 - 80 Abe etal., (2003)
collagen
30 DMEM:F12 1% FCS uncoated Transwell™
Turowski et al., (2004)
200 DMEM;F12 1% Porcine lens capsule
40 DMEM:F12 1% FBS on laminin Geiger et al,, (2005)
30 DMEM:F12 1% FCS on Matrigel™ Holtkamp et al., (1998)
300 DMEM:F12 1% FBS on laminin Bridges et al., (2002)

21 -28 DMEM:F12 1% FBS on laminin
o ) ) ) Luo et al., (2006)
23 -27 Specialised medium defined for chick
List or reported TERs for ARPE-19 cells grown on permeable inserts. Most studies report a TER
of 30 - 40 O.cm2 (]) = culture medium defined by Bok et al., (1992).

2.5 Co-Culture and Specialised Medium

Co-culturing of cells that exist in close association has been used as a means of replicating the
microenvironment in situ. Figure 2.5 (overleaf) shows a schematic of the RPE with the potential
cells that could secrete factors from the neural retina to induce tight junction formation. Given the
extensive use of glial cells to enhance the tight junctions in a variety of epithelial and endothelial
cell types (Hurst et at, 1998; Ramsohoye and Fritz, 1998; Chishty et at, 2002) glial cells were
employed with the RPE cells in culture. Two cell lines were used to model glial cells in the retina.
One was derived from human Muller cells and the other derived from a glioma and replicated the
astrocytes in the inner retina. The potential for secreted factors from the outer segments was
also possible but this condition was not tested despite the possibility of developing a
photoreceptor sub-culture (Saga et al, 1996) given the evidence for glial cell induction of tight

junctions.
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Figure 2.5 Retinal Factors and the RPE

Schematic representing the possible sources of secreted factors from 1: astrocytes (A?) in the
inner retina. 2: Miller cells (M?) that extend from the photoreceptors to the inner limiting
membrane or 3: photoreceptors (P?) whose outer segments interdigitate with the apical microvilli
of the RPE.

Glial cell lines when grown in co-culture with epithelial cell lines have been shown to increase
the TER. Notably, the co-culture of astroglial cells (C6) with an epithelial cell line (ECV304)
induces a high TER (Hurst and Fritz, 1996; Dobbie et al., 1999; Chishty et al., 2002). Conditioned
medium from C6 also increases the TER in Madin-Darby Canine Kidney (MDCK) cells (Veronesi,
1996) and endothelial cells (Tontsch and Bauer, 1991; Raub, 1996; Ramsohoye and Fritz, 1998).
In the brain, astrocytes serve a similar function to the Mdller cells of the retina by spatial buffering
of K+in the brain (Butt and Kalsi, 2006). Astrocytes also play a role in up-regulating the tight
junctions of endothelial cells (Igarashi et al., 1999; Gaillard et al., 2001).

In the co-culture model involving C6 and ECV304 (Hurst and Fritz, 1996; Hurst et al., 1998) the
secreted factors from C6 cells are not believed to be proteins but have a mass of < 1000 kDa
(Ramsohoye and Fritz, 1998). The factors act by up-regulating intercellular adhesion molecules
(Dobbie et al, 1999). The reported TERs of this co-culture model vary between authors with
ECV304 cells grown without C6 induction obtaining a TER of 27 - 37 Q.cm2 However, in co-
culture with C6 the TER is increased to between 80 and 600 Q.cm2 (Hurst et al, 1998;
Ramsohoye and Fritz, 1998; Dobbie et al., 1999).

Muiller cells are also important to the development and maintenance of the inner blood-retinal
barrier that is defined by the retinal vascular endothelium (Tretiach et al, 2005). Therefore, in
addition to C6 cells we used a human Miller cell line to determine whether secreted factors from

this cell line would increase the TER of the RPE cell lines.
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The first aim of this study was to determine whether secreted factors from glial cells using MIO-
M1 to replicate the Miller cells of the retina or C6 cells to replicate the astrocytes of the inner

blood retinal barrier could induce an increase in the TER of the human RPE cell lines.

The second aim was to modfy the culture medium by adding specific cytokines and hormones
that have been shown to maintain the RPE phenotype in culture. Several formulations have been
used to enhance the differentiation and tight junction formation of RPE cells derived for cell lines,
human and chick (Oka et al, 1984; Frambach et al, 1990; Rizzolo and Li, 1993; Rizzolo et al.,
1994; Tezei and Del Priore, 1998; Hu and Bok, 2001; Rahner et al., 2004). All of the defined
media in one way or another attempt to nurture the RPE in a culture environment that closely
resembles that of the in situ milieu. Such additions promote the differentiation of the RPE cells by
replicating to some extent the likely factors that the RPE would experience in situ. Preparations
of specialised media (SM) used in this study (SM1, SM2 and SM3) are detailed in Appendix |.

2.51 Cytokines, Growth Factors, Supplements and Hormones

The stimuli that maintain the RPE phenotype derive from the close cell-cell interactions of the
RPE with itself and the outer retina as well as the circulating hormones and factors that reach the
basal membrane of the RPE via the choroid. The maintenance of phenotype is therefore reliant
upon mimicking this environment as closely as possible. Several key constituents of these
factors and hormones have been identified and form the basis of the specialised media used in

this study.

Growth factors or cytokines are extracellular proteins that are mainly involved in stimulating
mitosis and are said to be mitogenic. The receptors for growth factors belong to the tyrosine
kinase family and are cell surface receptors. Once activated by the growth factor the intracellular
kinase domain phosphorlyates intracellular proteins which may alter intracellular signalling

pathways or alter gene transcription. For review see Mukherjee et al., (2006).

2511 Epidermal Growth Factor

EGF stimulates epithelial growth (Cohen, 1965) and was the first protein to be recognised as a
ligand for cell surface tyrosine-specific protein kinases (Waterfield et al., 1982). EGF receptors
are found on the RPE (Kociok et al., 1998) and the addition of EGF promotes cell survival via
intracellular signalling pathways (Defoe and Grindstaff, 2004). The rate of RPE proliferation is
higher with bFGF rather than EGF (Song and Lui, 1990).

2.5.1.2 Fibroblast Growth Factor

There are two analogues of FGFs, the brain-derived acidic form (aFGF) and pituitary basic form
(bFGF) (Esch et al., 1985). bFGF receptors are expressed in the RPE (Sternfeld et al., 1989) and
in particular the nucleus and cytoplasm (Ishigooka et al., 1992) where bFGF modulates gene
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expression and increases proliferation. However, this effect has not been observed in one RPE
cell line, D407 (Schwegler et at, 1997; Kaven et at, 2000). Bovine pituitary extract (BPE) is a
rich source of bFGF and hormones (Esch et at, 1985) and has been used in RPE culture media
(Peng et at., 2003).

2.5.1.3 Insulin

The interaction between insulin and the insulin-like growth factor receptor (IGF)-1 signalling
mechanisms are central to cellular metabolism, growth, development, reproduction and longevity
(Kimura et at, 1997). Insulin binds to IGF-1, a receptor tyrosine kinase, which once activated
leads to the phosphorylation of insulin receptor substrates 1, 2 and She (Withers and White,
2000). Insulin is a more potent mitogen in epithelia than fibroblasts (Hollenberg and Cuatrecasas,
1975; Reddan and Wilson-Dziedzic, 1983). The insulin-like growth factor receptor (IGF-R) is
found on the RPE (Ocrant et at, 1989) where it is required to maintain retinyl esterase activity
(Edwards et at, 1991). However, insulin and IGFs also increases vascular endothelial growth
factor (VEGF) production in the RPE and may therefore act to decrease the TER (Punglia et at,
1997; Lu et at., 1999; Treins et at, 2001,2002).

2.5.1.4 Additional Hormones and Supplements

Ferric (Fe3t ions are required for cellular metabolism and transferrin transports these ions
across the plasma membrane. Transferrin is produced by the RPE and transferrin receptors are
also present indicating a role for the RPE in iron transport between the outer retina and choroid
(Yefimova et at.,, 2000).

Sodium selenite is a trace element normally provided in serum and was added to media where
serum was omitted. Hydrocortisone, (cortisol) is produced by the adrenal cortex and therefore
would be present in the systemic circulation. Hydrocortisone increases epithelial cell proliferation
(Andersen et at, 1993) and decreases the production of inflammatory cytokines in the RPE
(Chiba eta!., 1993).

Putrescine is a polyamide that increases cell migration (motogenesis) in the RPE and the
maintenance of the actin cytoskeleton (Yanagihara et at., 1996; Johnson et at., 2002).

Linoleic acid is an essential fatty acid that is present in the plasma membrane. The oxidised
product of linoleic acid is cytotoxic and may contribute to RPE damage in-situ (Akeo et at., 1999).

Oleic acid is a fatty acid also present in the RPE plasma membrane (Wang and Anderson, 1993).

2.5.1.5 All Trans-Retinoic Acid

All frans-retinoic acid is essential for the formation of visual pigments (Hubbard and Wald, 1952;
Wiggert et at, 1978). The RPE plays a role in the transport of all frans-retinoic acid to the
photoreceptors (Bok, 1985). At high concentrations (1 M) retinoic acid promotes the RPE
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phenotype in culture (Campochiaro et al, 1991). However, retinoic acid is reported to reduce the

rate of differentiation of ARPE-19 cells in culture (Janssen et al., 2000).

Table 2.4 below gives the composition of culture media previously described for the RPE

showing the major additions to the base medium. All concentrations are per ml unless otherwise

stated.

Table 2.4 Summary of Published Specialised Media per ml

Additive Hu and Bok, (2001) Tezel and Del Rizzolo and Li, |
Priore, (1998) (1993)

Base Medium MEM f DMEM:F12 DMEM
Selenious acid 2.6 ng 5ng 6.3 pg
Hydrocortisone 10 ng 20 nM 18 ng
FCS 1% o o
Linoleic acid 0.085 pg 10 pg —
Oleic acid — — 5.3 pg
Insulin 5 pg 100 pg 6.3 pg
Transferrin 5.0 pg 100 pg 6.3 pg
Putrescine 0.3 pg 0.3 pg —
Tri-iodothyronine (T3) 6.5 pg 10 nM —
EGF — 8 ng —
BSA — 1% 1.25 %
FSH — 0.5 muU —
bFGF — 1ng —
All frans-retinoic acid — 50 ng —
Progesterone — — 6.6 ng
BPE — — 50 pg

Composition of media used in three studies to increase the tightjunctions of RPE cells in culture.
(]) MEM = Eagle's Minimum Essential Medium. BPE = Bovine Pituitary Extract. BSA = Bovine

Serum Albumin. FSH = Follicular Stimulating Hormone. In addition to these supplements, bovine
retinal extract 0.5% was added by Hu and Bok, (2001) to their SM and 1 retina/ml from E14 chick
was added to the medium of Rizzolo and Li (1993).
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2.6 Methods

2.6.1 Culturing of Cell Lines

All cells were maintained with 5% C02, 95% air mix at 37°C in the culture media described below
and in table 6.5. Culture flasks with a 0.2 pm vented cap with a growth area of 25 cm2 (T25) or
75 cm2 (T75) were used (Corning, Schiphol-Rijk, The Netherlands). All cell-culture media were
supplied by Sigma, Poole UK unless otherwise stated. Medium was changed every two to four
days depending on the cell line and the cells were split in a 1:3 or 1:5 ratio at confluence.
Splitting of cells was performed by aspirating the medium and adding either 5 mi or 10 ml of
Ca2+free Hank's Balanced Salt Solution (CFHBSS) to a T25 or T75 flask respectively for five
minutes at room temperature. Tight junctions require Ca2+to maintain their integrity and so by
adding CFHBSS these tight junctions are weakened (Chu and Grunwald, 1990). The CFHBSS
was then removed by aspiration and 200 pi (T25) or 1 ml (T75) of 0.25% (w/v) trypsin with 0.2
g/ml ethylenediaminetetraacetic acid (EDTA) in HBSS was added to the flask and incubated at
37“C until the cells dissociated. The cells were then resuspended in culture medium and

transferred to new flasks and returned to the incubator.

Routine culture of cells was performed using the following media preparations. For ARPE-19
cells they were grown in a 1:1 mixture of Dulbecco's Modified Eagle's Medium (DMEM) and
nutrient mixture Ham’s F12 with 15 mM N-2-hydroxylpiperazine-N-2-ethanesulphonic acid
(HEPES) buffer and supplemented with 10% (vol/vol)3 heat inactivated Foetal Calf Serum (FCS),
2 mM L-glutamine, 100 pg/ml streptomycin and 100 U/ml penicillin. ECV304 and C6 cells were
grown routinely in supplemented medium 199 (M199) with 10 mM HEPES, 2 mM L-glutamine,
100 pg/ml streptomycin and 100 U/ml penicillin. D407 cells were grown in DMEM supplemented
with 4.5 g/l glucose, 10% FCS, 2 mM L-glutamine, 100 pg/ml streptomycin and 100 U/ml
penicillin. MIO-M1 cells were grown in nutrient mixture Ham’s F-10 supplemented with 20 mM
HEPES, 20% FCS, 100 U/ml penicillin, 100 pg/ml streptomycin, 0.25 pg/ml amphotericin-B and 2
mM L-glutamine. For all experiments 'under standard conditions' refers to the above culture
medium conditions. Whilst 'reduced serum' refers to a reduction of FCS to 1% and all other

ingredients remaining unchanged.

Sl percentage concentrations are vol/vol unless otherwise stated in all sections.
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2.6.2 Cell Culture Density

Cell density calculations were performed by centrifuging the cell suspension in culture medium
at 1000gfor ten minutes and re-suspending the pellet in 5 ml of cell culture medium. A 10 pi
aliquot of the suspension was then transferred to a glass haematocytometer. The numbers of
cells in the central square were counted. The quoted densities are the average of two counts

(mean cell count). The cell density/ml is given by equation 2.i.

Cell density/ml = mean cell count x 104 — 2i
The cell density required for plating was then determined per pi and added to each well.
Additional culture medium was then added to the well to make up to 0.5 ml (Transwell™) or 0.25

ml (Cellagan™).

Table 2.5 below shows the medium used and the seeding density for cells on inserts for all

experiments unless otherwise stated. The range of passage numbers used in experiments is also

noted.

Table 2.5 Standard Cell Culture Media and Densities for Cell lines
Seeding Densi Passage

Cell Line Medium g ty g
(cells/cm2) Numbers

ARPE-19 DMEM:F12 +10% FCS 166,000 23 -33
D407 DMEM with 4.5g/l D-Glucose +10% FCS 80.000 93-108
ECV304 M199 with 10% FCS 100,000 17 -25
C6 M199 with 10% FCS 125,000 130 - 150
MIO-M1 Flam’s F10 with 20% FCS 200,000 68 - 85

Culture media for the cell lines used in the modelling of the outer blood retinal barrier and
respective seeding densities. All media for ARPE-19, D407, ECV304 and C6 cells were
supplemented with 100 pg/ml streptomycin, 100 U/ml penicillin and 2 mM L-glutamine. MIO-M1
culture medium was supplemented with an antibiotic-antimycotic solution to give a final
concentration of (100 U/ml Penicillin, 100 pg/ml streptomycin and 0.25 pg/ml amphotericin B)
and 2 mM L-glutamine. FCS is heat inactivated Foetal Calf Serum. Passage numbers are given

for the cell lines that were used in this study.

2.6.3 Cell Culture Filters

A variety of cell culture inserts and coatings are available to enhance polarisation and tight-

junction formation of epithelial cells. Commercial preparations such as Matrigel™ which contains

predominantly laminin and collagen IV are available as well as collagen-based filters such as
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Cellagan™ or Transwell™ that can be coated to modify the substrate further. The integrity of the
substrate is critical for the development of RPE cells in culture (Gullapalli et al., 2005). Various
substrates have been used to model the interaction between Bruch’s membrane and the RPE
including the secreted extracellular matrix from corneal endothelial cells (Campochiaro and
Hackett, 1993), porcine lens capsule (Nicolini et al, 2000; Turowski et al, 2004), Descemet’s
membrane (Thumann et al., 1997), biodegradable synthetic substrates (Hadlock et al., 1999) and
amniotic membrane (Capeans et al., 2003; Ohno-Matsui et al., 2005; Stanzel et al., 2005).

Two types of cell-culture insert were used to grow cells on. One was the Transwell™ (Corning)
that forms a permeable polyester membrane with 0.2 pm pores and a growth area of 1.12 cm2
The second type was, Cellagan™ (MP Biomedicals, Oxfordshire, UK) whose filter is collagen
based with a growth area of 0.79 cm2 The pore size is not specified in this proprietary product.
Transwell™ inserts contained 0.5 ml of culture medium in the apical chamber and 1.5 ml in the
basal chamber with six inserts per well. The Cellagan™ inserts were placed in the wells of a 12
well plate (Nunc, Roskilde, Denmark) with 1.5 ml of culture medium in the basal chamber and

0.25 ml in the apical chamber.

2.6.3.1 Laminin Coating

Laminin, derived from an Engelbreth-Holm-Swarm murine sarcoma was supplied as a stock
solution of 1 mg/ml in 50 mM Tris-HCI pH 7.5 (Sigma). Laminin was thawed and kept on ice. The
stock solution was diluted with 1 ml of ice-cold PBS such that each 120 pi aliquot contained 60
pg of laminin. Each of the six Transwell™ filters was coated with 20 pi of the aliquot so that each
filter had (~ 9 pg laminin/cm2. In addition to the laminin 100 pi of culture medium was added to
ensure an even distribution of laminin by gentle rocking. The filters were then returned to the
incubator for thirty minutes. Prior to the addition of cells, any excess fluid was aspirated and the
cells plated at the densities listed in table 6.5. Aliquots of laminin were stored at -50°C until

required.

2.6.4 Co-Culture with Glial Cells

Method of glial co-culture is based upon that originally described by Ramsohoye and Fritz,
(1998). ARPE-19 and ECV304 cells were grown as described in section 6.4.1 and seeded
according to the densities in table 6.5 onto their respective filters. The basal chamber contained
either C6 or MIO-M1 cells that were seeded two days earlier in order to attain confluence at an
initial density of 1.25 x 105cells/cm2or 2 x105cells/cm2respectively. Apical chamber medium for
ARPE-19 was DMEM:F12 with 1% FCS and antibiotics. ECV304 and C6 were maintained in
M199 with 10% FCS and antibiotics and MIO-M1 were maintained in Ham's F10 with 10% FCS

and antibiotic-antimycotic solution. See section 6.4.1.

Two experimental configurations were used in order to model the outer blood-retinal barrier. Glial

cells (C6 and MIO-M1) were used as a potential source of factors that would up-regulate the
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junctional proteins. The glial cells were plated in the basal chamber of a well and the permeable
insert placed within the well containing either ECV304 as a positive control or ARPE-19 cells.
However, as any retinal factors would presumably act upon the apical surface of the RPE in situ,
to replicate this situation the conditioned medium from confluent flasks of C6 or MIO-M1 cells
was added to the apical side of the cell culture inserts. The aim was to replicate the natural
relationship between the retina (and any secreted factors) and the underlying RPE. Cellagan™
filters were used for ECV304 as these filters have been shown to be the most successful for the
co-culture model with this cell line (Hurst and Fritz, 1996; Dobbie et at, 1999). Laminin-coated
Transwell™ filters for ARPE-19 cells were used given that these inserts have been widely used

for ARPE-19 experiments previously (Dunn et at, 1996; Luo et at., 2006).

Figure 2.6 shows the experimental design for the co-culture experiments with the glial cells
grown in the basal chamber. Any secreted factors would diffuse to the basal side of the RPE

where they would induce a change in the barrier properties.

Figure 2.6 Co-Culture Experimental Configuration
1 Co-Culture Configuration r

m4-Transwell™ filter

Apical Bath with RPE
cells on permeabile filter

Glial Cells in Basal Well

In co-culture experiments glial cells were seeded into the basal chamber of a 6- or 12-well plate
and either ARPE-19 or ECV304 cells were seeded onto a permeable support (Transwell™
coated with laminin or Cellagan™) respectively. The filter was removed from the well periodically

and the TER measured to assess the barrier properties of the cell monolayer.

2.6.5 Conditioned Media

Media from confluent T75 flasks of two- to three-day old C6 or MIO-M1 cells was removed with a
10 ml pipette and added to a 15 ml centrifuge tube (Corning). The medium was then spun down
to remove cells at I00Ogfor 10 minutes. The supranate was collected as ‘conditioned medium’
and used on the same day. In the initial experiments when M199 was added to the apical side of
the ARPE-19 cell line there was a marked acidification of the medium (pH 6.8) within 24 hours.
Therefore, a 1:1 dilution of conditioned medium was used with DMEM:F12 with 1% FCS and
antibiotics for ARPE-19 cells. With this modification the pH was 7.2 after 24 hours. Conditioned
medium was collected from C6 cells at passages 134 -145 and MIO-M1 from cells at passage 78
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- 85. ARPE-19 and ECV304 cells grown on Transwell™ and Cellagan™ inserts respectively and

the TER measured over time.

2.7 Specialised Media

Defined media used for ARPE-19 cells was based on formulations for the culture of human RPE
by Tezel and Del Priore, (1998) and foetal RPE by Frambach et al., (1990). Serum-free medium
was prepared according to table 6.6. Stock 500 ml bottles of medium (DMEM:F12) with added
nutrients (linoleic acid, putrescine and selenium salt) were stored with HEPES (20 mM),
antibiotics, and 2 mM L-glutamine were added. Fresh solution of specialised medium (Denoted
SM1, SM2 and SM3) were prepared each day according to the methods described in appendix |.
All concentrations are per ml of base medium unless otherwise stated. SM2 is the same as SM1
but with 50 ng/ml of all frans-retinoic acid added and 3,3',5-Triiodo-L-thyronine sodium salt (T3)

removed. Details of the preparation of the SM can be found in appendix .

SM3 is based upon that of Rizzolo and Li, (1993). Cells were treated with SM3 as defined in
table 2.6 (overleaf) or with two variations of SM3. (The notation SM3/SM3 indicates that SM3
was used in the apical and basal chambers). The first modification to SM3 was to add bFGF and
EGF and use this medium in the apical and basal chambers (SM3 + bFGF +EGF). The second
modification was to add 50 pg/ml of bovine pituitary extract (BPE) to the SM3 and use this in the
basal chamber with SM3 in the apical chamber (SM3/(SM3 + BPE)) as originally described by
Peng et al., (2003).
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Table 2.6 Specialised Medium Composition per ml

Ingredient Stock Sw1 SM2 SM3
Solution DMEM:F12 DMEM:F12 DMEM
Insulin 10 mg 100 g 100 pg 100 pg *
Transferrin 1mg 59 5P9 55 pg +
Selenium 5.5 pg 5 ngs 5 ngs 50 pg r
EGF 100 pg 10 ng 10 ng - !
bFGF 250 pg 1ng 1ng . :
Hydrocortisone 50 pM 25 nM 25 nM 50 nM
Progesterone 10 pg — — 10 ng
Putrescine 0.1 mg 0.3 pg 0.3 pg —
Linoleic acid 4.7 pg 10 pg 10 pg 47 ng +
Oleic acid 4.7 pg — — 47 ng +
All frans-retinoic
acid 40 419 — 50 ng —
BSA 30% wt/vol 1% wt/vol 1% wt/vol 5pg +
T3 20 pg 5ng — —
HEPES 1™ 20 mM 20 mM 20 mM

Additives to the base media to make 50 ml of specialised medium used with ARPE-19. f)
indicates components added as pre-defined supplement ITS+3 f) Constituents present in
DMEM:F12 with added nutrients. T3 is 3,3',5-Triiodo-L-thyronine sodium salt. See appendix 1for
further details.

A control group of ARPE-19 cells in reduced serum was always used. From a total of N=6
independent control trials with 5 samples per trial the highest TERs were used as the baseline to
compare the experimental conditions against. All TERs developed using the modifications of
substrate, co-culture, conditioned medium and specialised media (SM1 and SM2) were
compared to this sub-set. The aim of the manipulations in culture conditions was to increase the

best TER obtainable with reduced serum by at least two-fold.

2.8 Measuring the Trans Epithelial Resistance

The TER is a sensitive measure of the paracellular permeability formed by the tight junctional
proteins (Schneeberger and Lynch, 1992). Additionally, the measurement of electrical resistance
permits a rapid, simple and non-destructive method for determining changes in the barrier
properties during culture. A high TER was taken as a measure of barrier formation and a low

TER taken to indicate low barrier integrity.
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The electrical resistance of the cultures was measured using an epithelial voltohmmeter
EndOHM™, World Precision Instruments Inc. (WPI, Aston, UK) with a planar electrode chamber
(Endohm-12, WPI) for Cellagan™or (Endohm-24, WPI) for Transwell™ inserts. In the measuring
chamber, an isolated square wave alternating current (+ 20 pA at 12.5 Hz) flows between
concentric, opposing pairs of circular electrodes above and below the membrane (See figures
2.6 and 2.7 (overleaf). The electrodes consist of a voltage-sensing electrode (silver/silver
chloride pellet) in the centre surrounded by an annular current electrode made of silver/silver

chloride (chamber) and stainless steel (cap).

The TER was determined by the difference of the resistance recorded between a blank filter
(Rniter) treated and maintained in identical culture conditions to the inserts containing cells (RFiter +
cellsy The result was then multiplied by the area of the insert to give the TER in Q.cm2 (See

equation 2.ii).

TER = (R(FNter ®cenis) = Filter) X @rea of filter — 2.ii

The EndOHM™ chamber was sterilised with 70% ethanol prior to use. During measurements, the
basal chamber contained 2 ml of phosphate buffered saline (PBS) to complete the electrical
circuit for Transwell™ or 1 ml for Cellagan™ filters. The apical electrode was adjusted so that it
was ~ 1 mm from the cell monolayer when measurements were taken. All measurements were
taken within 5 minutes of removing the cells from the incubator. Figures 2.6 shows the

EndOHM™ chamber with electrodes and figure 2.7 (overleaf) shows the recording set-up.

Figure 2.6 EndOHM™ Chamber

The EndOHM™ chamber consists of an apical and basal voltage and current electrode visible as
the concentric rings on the lid and basal chamber info which the insert containing cells or the

blank insert was placed with PBS in the lower chamber.
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Figure 2.7 EndOHM™ Chamber and Cellagan™ Insert

Cellagan™
insert

PBS

Recording configuration with Cellagan™ insert mounted in the EndOHM™ unit with PBS in the

lower chamber.

29 Long-Term Storage of Cell Lines

Cells were grown to confluence and culture medium replenished the day before storage. Cells
were trypsinlsed as described (section 2.6.1) and suspended in 10 ml of their culture medium to
quench the trypsin. The cell suspension was then centrifuged at 1000gr for ten minutes. The
supranate was aspirated and the cell pellet re-suspended in 1 ml of the freezing medium per 25
cm2 of the original cell population. Freezing medium contained FCS (95%) and dimethyl
sulphoxide (DMSO 5%). Cell suspensions were transferred to cryovials, which were then placed
in a Nalgene cryo f C freezing container (Nalge, Thorn, UK) and held at -70°C for a minimum of
four hours before being stored in the vapour phase of liquid nitrogen. When required, frozen cell
suspensions were thawed by removing the vials from the liquid nitrogen and leaving them at
room temperature for one minute before rapid thawing in a 37°C water bath. Thawed cell
suspensions were transferred to a T25 culture flask and warmed culture medium (1 ml, 37°C)
was slowly mixed with the suspension. The culture flask was held at room temperature for a
further ten minutes before 3 ml of culture medium was added to the flask. The cells were then
returned to the incubator. Culture medium was replaced approximately four hours later, once the

cells had begun to settle on the flask.

210 Data Analysis

The results are expressed as mean + standard deviation (SD) unless otherwise stated. Student’s
unpaired, two-tailed t-tests were used to determine the significant differences between means,
where p < 0.05 was taken as statistically significant. Statistical calculations were made using

Microsoft Excel™.
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211 Results

2.11.1 D407 and ARPE-19

The results in figure 2.8 (overleaf) show the TER of D407 and ARPE-19 cells over time grown on
laminin-coated and uncoated Transwell™ filters. The TER for D407 was not significantly
increased on day 7 (p=0.9274) or day 21 (p=0.1437) when laminin was used as a substrate
(N=5) compared to the uncoated Transwell™ inserts (N=6). However, the effect of laminin
coating (N=5) significantly increased the mean TER for ARPE-19 compared to the uncoated
inserts (N=3) on days 7 to 21 ( p<0.001). However, by day 24 the difference in the TER was
less apparent (*p=0.0148) with the ARPE-19 cells grown on laminin coated filters obtaining a
TER of 29 £ 2 Q.cm2compared to 24 + 2 Q.cm2for the ARPE-19 cells grown on uncoated filters.
Note that the group is compared to the selected sub-set of TERs from the control groups and so

represent the upper limit of the TERs obtained under standard reduced serum culture conditions.

The TERs of ARPE-19 were higher than the D407 cell line and consequently the D407 cells

were not pursued any further with respect to their barrier properties.
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Figure 2.8 TER of ARPE-19 and D407 on Filters

TER Transwell ARPE-19 and D407

The TERs over time of ARPE-19 and D407 grown on Transwell™ filters with and without
laminin. Results show that the TER was greater for the ARPE-19 cells (N=5) on laminin-coated
Transwell™ filters than the uncoated Transwell™ filters. The peak TER was 46 £ 2 Q.cm2on day
7 ( p<0.001). On day 24 the TER was still significantly higher (p=0.0147). The D407 cells (N=9)
for laminin-coated or uncoated (N=6) showed no difference in the TER (p=0.9770) with a low

peak TER of 12+ 1Q.cm2

2.12 Co-Culture

2.12.1 ARPE-19 and C6

Figure 2.9 (overleaf) shows the TER of ARPE-19 cells grown in co-culture with C6 cells on
laminin-coated Transwell™ filters from three independent trials with N=5, 5 and 11 inserts used
respectively. They are compared to the best sub-set of ARPE-19 cells grown in reduced serum
on laminin coated Transwell™ filters. Co-culture with C6 cells in the basal compartment
decreased the TERs with the mean = SD peak TER on day 7 for the combined three trials being
25 £ 5 Q.cm2 which is significantly lower ( p<0.0001) than at day 7 for ARPE-19 cells when
grown without C6 cells (46 + 2 Q.cm2). A similar difference was evident on days 14 and 21 with
the TER of control ARPE-19 cells being 34 + 2 and 31 £ 1 Q.cm2respectively compared 18 + 4
Q.cm2at the same time points with ARPE-19 grown with C6 cells ( p<0.001).
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Figure 2.9 ARPE-19 and C6 Co-Culture

ARPE-19 Co-Culture C6

ARPE-19 cells grown in low serum on laminin-coated Transwell™ filters with C6 cells in the
basal compartment. The TER of ARPE-19 cells grown without C6 cells in the basal chamber
were significantly higher than the co-culture model (***p<0.001) on days 7- 21 of culture. The
ARPE-19/C6 co-culture plot represents the mean + SD of three independent trials with a total of
(N=21) wells compared to (N=5) control of the maximum TERs recorded with ARPE-19 cells.

2.12.2 ARPE-19 and MIO-M1

Figure 2.10 (overleaf) shows the TER over time of ARPE-19 cells grown in co-culture with MIO-
M1 in the basal chamber of Transwell™ filters pre-coated with laminin as previously described.
There was a significant decrease in the TER from these three trials over 21 days with the
maximal TER being 22 + 5 Q.cm2on day 21 which was significantly lower ( p<0.001) than the
31 £ 1 Q.cm2obtained at the same time point when ARPE-19 cells were grown alone. The MIO-
M1 co-culture plot represents the mean + SD of three independent trials with N= 5, 5 and 11

samples in the trials respectively.
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Figure 2.10 ARPE-19 and MIO-M1 Co-Culture

ARPE-19 Co-Culture MIO-M1

The TER of ARPE-19 cells grown in co-culture with MIO-M1 cells. Plot of ARPE-19/MIO-M1 co-
culture represents the mean + SD of three independent trials (N=21). The TER of ARPE-19
grown without MIO-M1 was significantly higher than ARPE-19 grown with MIO-M1 cells on after
7- 21 days in culture (***p<0.001).

2.12.3 ECV304 Co-Culture and Glial Cells

As a positive control, ECV304 cells were grown in co-culture with C6 or MIO-M1 cells. The TER
of ECV304 was significantly higher than control ECV304 cells grown on Cellagan™ filters alone

under these conditions.

An induction of the TER by C6 and MIO-M1 cells was evident with a significant (***p<0.001)
increase demonstrated in the first two weeks of culture. The TER was not sustained and
decreased after day 14 but was still significantly higher than the control group on day 24
(*p=0.0432). The MIO-M1 co-culture group represents (N=5 inserts from one trial) with a peak
TER of 140 £ 29 Q.cm2on day 14. The C6 co-cultured ECV304 cells reached a peak TER of 76
+ 8 Q.cm2on day 14 (N=6 from one trial). In contrast the control group reached a peak TER of 51
+ 16 Q.cm2on day 14 which represents the TER of two independent trials with N=3 samples in
each trial. The MIO-M1 co-culture group had a consistently higher TER than the control group on
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days 7 -14 ( p<0.001). The C6 co-culture group’s TER was significantly higher on days 7
( p<0.001), 14 ( p<0.001),21( p=0.0016) and 24 ( p=0.0158) of culture. (See figure 2.11).

Figure 2.11 ECV304 and Glial Cell Co-Culture

ECV304 Co-Culture Glial Cells

ECV304 cells grown on Cellagan™ filters with C6 or MIO-M1 cells in the basal chamber induced
a rise in the TER compared to ECV304 cells grown alone on Cellagan™ filters. The induction
was greater with MIO-M1 cells reaching a TER of 140 £ 29 Cl.cm2on day 14. At the same time
point, the ECV304 cells grown with C6 cells had a TER of 76 + 8 Cl.cm2compared to the control
ECV304 cells (61 £ 16 Q.cm2 on day 14. SD error bars are shown with one arm for clarity. The

asterisks represent the p-values as being significant (***p<0.001, **p<0.01 and *p<0.05).

2.13 Glial Cell Conditioned Medium

2.13.1 ARPE-19

C6 or MIO-M1 conditioned medium did not significantly increase the TERs of ARPE-19 cells

when grown on laminin coated Transwell™ inserts compared to controls. Figure 2.12 (overleaf)

shows the TER from two independent trials with N=5 filters in each trial for C6 or MIO-M1

conditioned medium in the apical chamber compared to the control ARPE-19 cells (N=5 filters).

The peak TER of the C6 conditioned medium group was 21 = 2 Q.cm2on day 7 which was

significantly ( p<0.0001) less than the control group on day 7 (46 + 2 Q.cm2. This trend
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continued on days 14 and 21 with no increase in the TER observed. The MIO-M1 conditioned
medium was also significantly ( p<0.0001) lower on day 7 being 25 + 3 Q.cm2 No difference in
the TER was observed on day 14 compared to the control group. On day 21 the MIO-M1
conditioned medium group (25 £ 3 Q.cm2 and C6 conditioned medium group (16 £ 5 Q.cm2)
were both significantly lower ( p<0.001) than the control group’s TER of 31 £ 1 Q.cm2

Figure 2.12 ARPE-19 and Glial Cell Conditioned Medium

Glial Conditioned Medium Apical ARPE-19

TER measurements of ARPE-19 cells with C6 or MIO-M1 conditioned medium in the apical
chamber of a laminin-coated Transwell™ filters. The TER was significantly reduced on days 7
and 21 (***p<0.001). On day 14 there was no significant difference in the TERs for the MIO-M1
conditioned medium and a significantly lower TER ( p<0.01) with C6 conditioned medium.
Conditioned medium plots represent the mean * SD of two independent trials with N=5 samples
in each trial. Control ARPE-19 plot is shown for comparison. The SD error bars are truncated for

clarity.

2.13.2 ECV304

The TER of ECV304 cells was not altered significantly in the first two weeks of culture with C6 or
MIO-M1 conditioned medium compared to the control group (figure 2.13 overleaf). All cells were
grown on Cellagan™ filters as previously described. The C6 conditioned medium plot represents
the mean £ SD of two independent trials with N=4 and N=3 filters used respectively. The MIO-M1
conditioned medium plot represents two independent trials with N=3 and N=5 filters used

respectively. The control group is from two trials with N=3 filters in each trial. On day 14 there
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was no significant difference in the TER between the groups. The TERs were 39 +12 Q.cm2for
C6 conditioned medium, 34 £ 13 Q.cm2for MIO-M1 conditioned medium and 51 +16 Q.cm2for
the control group. However, by day 21 the TERs had fallen in the C6 and MIO-M1 conditioned
medium groups and were significantly reduced. In the C6 conditioned medium group the TERs
were 16 + 5 Q.cm2( p=0.0028) and for the MIO-M1 conditioned medium group the TER was 17
£ 9 Q.cm2( p=0.0031) compared with the control group’s TER at this time (48 £21 Q.cm2).

Figure 2.13 ARPE-19 and ECV304 with MIO-M1 Conditioned Medium

The effects on the TER of ECV304 grown on Cellagan™ filters with either C6 or MIO-M1
conditioned medium (CM) in the apical chamber compared to control ECV304 cells. No
significant difference in the TER was apparent until day 21 when the TER of the conditioned

medium groups fell ( p<0.01). The SD error bars are truncated for clarity.

2.14 Modification of Medium- SM1 and SM2

Results of ARPE-19 cells grown on laminin-coated Transwell™ filters are shown in figure 2.14
(overleaf). High resistances were obtained with SM2 medium containing all frans-retinoic acid.
The maximal TER recorded was 86 + 6 Q.cm2 after 21 days in culture in SM2. A significant
increase in the TER was observed after two weeks of culture in both SM1 and SM2 media
( p<0.001). The SM1 group represents the mean + SD of one trial with N=5 samples and the
SM2 group in the mean + SD of two independent trials with N=5 filters in each trial. The control
group shows ARPE-19 cells N=5. The peak TER in SM1 was 58 + 7 Q.cm2and in SM2 it was 86
+ 6 Q.cm2 occurring on day 21 when the TER of the control group was 31 + 1 Q.cm2 SM1
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medium produced a significantly ( p<0.001) higher maximal TER of 58 £ 7 Q.cm2 than low
serum on day 7 (46 + 2 Q.cm2. However, on day 7 the TER of SM1 medium with ARPE-19 cells
(33 £ 1 Q.cm2) was significantly lower ( p<0.001) than the controls.

Figure 2.14 ARPE-19 and Specialised Media

ARPE-19 in Specialised Media

ARPE-19 in specialised media showed an increase in the TER of > 50 Cl.cm2 with SM2 showing
the greatest effect. The TERs are significantly (***p<0.001) higher than the control ARPE-19 cells
grown in reduced serum after two weeks in culture. The peak TER for SM1 was 58 + 7 Cl.cm2on
day 21 and for SM2 it was 86 £ 6 Cl.cm2on day 21. In comparison, the TER of the control group
on day 21 was 31 £ 1Q.cm2

2.14.1 SM3

Figure 2.15 (overleaf) shows the results of SM3 medium and modifications to this medium for
ARPE-19 cells grown on laminin-coated Transwell™ filters compared to a control group in
reduced serum. On day 7 all of the three modifications had a significantly (p<0.001) lower TER
than the control group grown in reduced (1%) FCS. Resistances were in (Q.cm2) 32 + 0 control,
27 = 3 (SM3/SM3), 21 = 1 (SM3/(SM3 + BPE)) and 26 + 1 (SM3+ EGF + bFGF). On day 14 the
TERs were: control 29 £ 1 Q.cm2, (SM3/SM3) 24 + 2 Q.cm2 (p=0.2960), (SM3/(SM3 + BPE)) 21
+ 1 Q.cm2( p<0.001) and (SM3 + EGF + bFGF) 30 £ 1 Q.cm2 (p=0.0166). On day 24 only the
TER of SM3 with EGF and bFGF group had a significantly higher (p=0.0265) TER than the
controls of 30 £ 1 Q.cm2 compared to 26 + 3 Q.cm2 The SM3/SM3 group had a significantly
lower ( p=0.0265) TER on day 24 compared to the controls.
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Figure 2.15 ARPE-19 and Rizzolo Specialised Medium Derivatives

ARPE-19 in SM3 Variants

Days in Culture

Modifications of SM3 with addition of EGF and bFGF significantly reduced the TER by day 21 of
culture (p<0.05). The addition of BPE to SM3 in the basal chamber also reduced the TER in the
first 14 days of culture ( p<0.001). When SM3 was not modified there was a small increase in

the TER compared to the control low serum group on day 24 (p<0.05). Plot shows mean + SD of

N=5 filters from each culture condition.
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2.15 Discussion

Early attempts at growing primary human RPE cells were hindered by the loss melanin and the
characteristic cobblestone morphology after a few weeks (Tso et at, 1973). It is now well
established that cells in culture de-differentiate and lose the characteristics of the parent cell
unless maintained under conditions that replicate the in situ environment. Primary RPE cultures
lose their polarised distribution of ion channels (Rizzolo, 1990), transdifferentiate into non-
epithelial cells (Kodama and Eguchi, 1994) and express neuronal voltage-gated Na+channels in
culture (Botchkin and Matthews, 1994). Primary cultures of porcine, chick and human RPE were
attempted in this study but the results were not satisfactory and are not presented owing largely
to contamination of the primary culture with non-RPE cells. Typically the RPE is senescent in
adulthood (Korte et at, 1994) and therefore the sub-culturing of adult human RPE cells requires
modifications to the culture medium and substrate in order to maintain an RPE phenotype. The
main objective was to utilise existing human cell lines and try to improve the barrier
characteristics by modifying the culture conditions and substrate owing to the difficulty in

obtaining large quantities of fresh human donor RPE.

Initial experiments showed that ARPE-19 cells developed a higher TER when grown in reduced
serum medium on laminin compared with uncoated Transwell™ filters. The TERs on laminin
represented were the mean + SD of the highest TERs from four control trials. This selected
group's TER was similar to that reported by Dunn et at, (1996) of approximately 35 Q.cm2
However, not all filters attained this TER and in the control group with the SM3 media variants
the TER of reduced serum ARPE-19 cells was approximately 20 - 25 Q.cm2 This is probably a
true reflection of the variability of this cell line in obtaining a modest TER of 20 - 30 Q.cm2 (Luo
et at, 2006).

From the control groups a subset of filters was used as a control upper limit with which to judge
the effects of the various culture conditions on. In practice, for experimental work the filters with
the highest TER would have been selected as the high TER implies the development of tight
junctions and polarity. Therefore, taking this level as a baseline was practical. However, the
majority of filters with ARPE-19 cells grown in reduced serum had a TER in the range of 20-30
Q.cm2 Nonetheless, the results of the modifications to culture conditions did not substantially

improve upon the TER in this cell line.

Given the importance of the substrate in modelling, the in-situ environment laminin coating was
applied in all subsequent experiments. Laminin coating also increases the number of expressed
genes in ARPE-19 that are also found in human RPE cells compared to other substrates and is
generally used for this cell line (Tian et at, 2004). The TER of ARPE-19 grown in reduced serum
was still significantly lower than the TER of native human or primary cultures of human RPE. The
D407 cells had an even lower TER than the ARPE-19 cells and the laminin coating had little
effect on this parameter. There are no reported TERs for D407 which may reflect the poor ability
of this cell line to form a tight barrier.
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ECV304 cells when grown in co-culture with C6 glioma cells did show the increase in the TER as
previously reported (Hurst et al, 1998; Dobbie ef al, 1999). ECV304 also showed an induction

by MIO-M1 which suggests that this cell line responds to a factor common to both cell lines.

The likely explanation for the lack of induction by ARPE-19 cells compared with ECV304 may be
due to the culture medium (M199) in which the C6 cells were grown. M199 medium differs to
DMEM:F12 medium in which ARPE-19 cells are normally grown. M199 contains lower D-glucose
1 gm/l as opposed to 3.15 gm/l in DMEM:F12 which may account for the acidification noted when
pure conditioned C6 medium was added to the apical chamber of ARPE-19 cells. It may have
been that the glucose in M199 was utilised by the C6 cells in the basal chamber. This would
have deprived the ARPE-19 cells of sufficient nutrients to develop tight-junctions. Furthermore,
the high serum (10%) in which the C6 cells were grown would have also inhibited tight-junction

formation (Chang etal., 1997).

RPE cell proliferation is increased in the presence of glial cells and this is believed to contribute
to the formation of epiretinal membranes (Burke and Foster, 1985; Hogg et al, 2002). The
factors secreted by the glial cell lines may have increased RPE cell proliferation and migration
and decreased the TER owing to the lack of tight junction formation. One additional difference
was the substrate on which ECV304 and ARPE-19 were grown. The secreted factors from C6
cells have a mass of < 1000 Da but may not permeate the laminin-coated Transwell™ filters as

readily as the Cellagan™ filters.

Furthermore, the ARPE-19 cell line is derived from an adult donor and the induction of tight-
junctions has been shown to be sensitive to the timing of the signal. High barrier properties are
obtained in foetal and embryonic chick RPE cells but not routinely in adult RPE (Ban and
Rizzolo, 2000a; Hu and Bok, 2001). For instance, embryonic E14 chick RPE cells obtain a higher
TER than E7 RPE cells grown under the same conditions (Rahner et al., 2004). This coupling of
the development of the tight junctions to the developing retina may have also contributed to the
lack of increased TER in the adult derived ARPE-19 cells.

The MIO-M1 cell line (Limb et al, 2002) also failed to induce an increase in the TER of the
ARPE-19 cell lines when grown in co-culture or when conditioned medium was used. However,
the TERs were not as low as with the C6 cell line. The composition of the F10 media also has
reduced glucose (1.1g/l) but the rate of growth of the Mdller cells was far less than the prolific
glioma-derived C6 cell line and so the metabolic demands of the MIO-M1 cells would have been

lower.

MIO-M1 cells secrete hepatocyte growth factor (HGF) in the presence of 10% FBS and the HGF
also causes secretion of VEGF by MIO-M1 (Hollborn et al., 2004). The RPE secretes HGF and
also has the HGF receptor (c-met) which is proposed to play a role in the proliferative retinopathy

seen in patients where the RPE differentiates into a mesenchymal phenotype (He et al., 1998;
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Lashkari et al., 1999; Briggs et at., 2000). HGF increases ECV304 proliferation via the production
of sphingosine kinase that regulates a variety of cell functions related to growth, differentiation
and angiogenesis (Duan et al., 2004). It is therefore possible that the secretion of HGF by MIO-
M1 induced the RPE cells to develop a more mesenchymal and proliferative phenotype and a
loss of tight-junctions and the epithelial phenotype. VEGF secretion would be expected to reduce
the barrier properties of the ARPE-19 cells as VEGF has been shown to increase permeability in

bovine RPE (Hartnett et al., 2003).

In the original description ARPE-19 cells were grown in a specialised medium devised by Bok et
al., (1999) with the ARPE-19 cells achieving a TER or 90 Q.cm2 (Dunn et al., 1996). The precise
formulation of the specialised medium was not specified at the time but this was later published
(Hu and Bok, 2001). Other authors have also published specialised media for the culture of foetal
and human RPE cells that vary in composition (see table 6.1) (Oka et al, 1984; Rizzolo and L,
1993; Tezel and Del Priore, 1998; Hu and Bok, 2001). The concentration of some components
varies between authors such as insulin 5-100 /ug/ml, transferrin 5-100 ¢jg/ml and the addition
of certain growth factors, vitamins and hormones (EGF, bFGF progesterone and all frans-retinoic
acid). Further modifications have also been made by adding medium that has been conditioned

with either bovine or embryonic chick retinas.

Three modifications of the defined media described by Hu and Bok, (2001), Tezel and Del
Priore, (1998) and Rizzolo and Li, (1993) were utilised in this study. The composition of SM1 and
SM2 varied in the addition of all frans-retinoic acid and the removal of 3,3',5-Triiodo-L-thyronine
sodium salt (T3). The removal of T3 was based upon the findings of Peng et al, (2003) who
found no increase in the TER of embryonic chick RPE cultures with T3. Their rationale for
originally considering this hormone was that T3 enhances the epithelial phenotype in RPE cells
(Chang et al, 1991) and foetal RPE cells have T3 receptors and therefore T3 may influence the
developing RPE (Duncan et al., 1999).

All frans-retinoic acid induces a gene in ARPE-19 that appears to contribute to the cytoskeleton
(Kutty et al., 2001). All trans-retinoic acid has been shown to decrease RPE cell proliferation and
de-differentiation in culture (Campochiaro et al., 1991). However, in one report that used a large
dose (1 jM) of retinoic acid a delay in differentiation of ARPE-19 cells was reported (Janssen et
al., 2000). At 0.1 pM all trans-retinoic acid increases VEGF secretion by ARPE-19 cells (Chen et
al., 2005) which is similar to the final concentration of all frans-retinoic acid used in the present
study 50 ng/ml (0.16 ¢MM). In contrast all frans-retinoic acid down-regulates VEGF and up-
regulates PEDF and the basement membrane proteins fibronectin and collagen IV in cultured
mouse RPE (Uchida et al., 2005). The effect of all frans-retinoic acid with the removal of T3 was
to increase the TER in the ARPE-19 cells in this study despite the potential for an increased
production of VEGF as has been reported (Chen et al., 2005). One explanation may be that the
study of Chen et al., (2005) is that the ARPE-19 cells were grown in flasks with reduced serum.
Given that substrate, time in culture and cell culture medium all influence the phenotype of

ARPE-19 cells the effects of all trans retinoic acid may differ depending upon these conditions.
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The addition of the above compounds had some effect on the TER of ARPE-19 cells compared
to the cells grown under reduced serum conditions. Although the TER did not exceed 100 Q.cm2
the results indicate the importance of the culture conditions to the barrier properties of this cell
line. There was no advantage in using SM1 medium for growing the ARPE-19 cells. Although the
TER was higher at the end of 24 days, the control cells had a similar TER after 7 days. The
addition of all frans-retinoic acid in SM2 did increase the TER after 24 days in culture to a level
that was reported by Dunn et at, (1996) using a more complex formulation. However, the TER
was still lower than that reported for cultured human RPE cells and did take a long period of time.
The experiments in SM1 and SM2 were not carried on beyond 24 days as the aim was to
establish a high TER in a relatively short period of time. Observations of the cells beyond day 17
also revealed that they were clumping and forming small pyramid structures associated with a
high proliferation rate and the cells could not be considered a simple monolayer. This may have
accounted for the sharp rise in the TER seen in the SM2 group towards the end of the culture

period.

Further trials were performed with the media defined by Rizzolo who incorporated BPE. In one
trial, the effects of EGF and bFGF were added to SM3 and this group of cells did show a modest
increase in the TER compared to controls after 24 days. However, neither of the trials with SM3
produced an enhanced TER in ARPE-19 cells. These results are similar to those reported for
embryonic chick RPE cultures (Peng et at., 2003). Recently, Rizzolo has performed the same
experiment and obtained a TER of 23 - 27 Q.cm2 with SM3 which was consistent with these
findings (Luo etal., 2006).

The important adjunct to establishing a tight barrier would appear to be an improved basement
membrane such as amniotic membrane and the addition of retinal conditioned medium. The
media formulations SM1 and SM2 did enhance the TER in the ARPE-19 cell line; however, they
did not exceed 100 Q.cm2or approach the higher TERs reported for foetal RPE cultures. The
development of tight junctions in embryonic chick RPE is dependent on the age at which the
RPE cells are harvested. The TER of E7 chick RPE cells is less than that of E14 chick RPE cells
when grown in retinal conditioned medium (Peng et at, 2003). Adult RPE cultures do not attain
the same high TER as foetal RPE and this may be that these cells are senescent and are no
longer responsive to signals that would encourage tight junction formation. ARPE-19 cells are
derived from an adult and may therefore be less predisposed to forming a tight junction than cells

from a younger donor.

Luo et at, (2006) has recently performed a detailed analysis of ARPE-19 and the development
of tight junctions in vitro. The main conclusion was that ARPE-19 expressed a variety of
junctional proteins but that the expression levels varied between cells which prevented a tight
epithelial barrier forming. In particular, ARPE-19 cells generally expressed cytotokeratin-18, as
does native human RPE, but some also expressed cytokeratin-7 which is not normally found in

the RPE. Furthermore, the actin filaments did not form circumferential bands around the apical
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surface of the cells under standard conditions. Only after six weeks in culture in SM3 was there
an apparent re-organisation of the actin filaments with the upregulation of associated junctional
proteins. Claudin expression also varied in type, distribution and quantity amongst the ARPE-19
cell populations. Because the claudins form the intercellular tight junctions this heterogeneity
would account for the inability of this cell line to form fully mature tight junctional complexes with
an associated rise in the TER.

2151 Summary

The importance of the culture conditions on the TER of ARPE-19 cells was demonstrated by the
responses obtained with SM2 medium. The glial induction of ARPE-19 cells was not successful
despite an increase in the TER of ECV304 cells. The up-regulation of barrier properties in
ARPE-19 may be the limited owing to their adult origin and heterogeneity of expression of

junctional proteins that vary with culture conditions.
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3 Ussing Chambers
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3.1 Introduction

Establishing a suitable in vitro model in which to explore the alcohol-EOG was an aim of this part
of the study. Previous work has established that bovine RPE responds to ethanol when added to
the apical and basal surfaces (Pautler, 1994; Bialek et al, 1996). Furthermore, in vivo studies
involving sheep (Knave et al, 1974) and albino rabbits (Textorius et al., 1985) have also

demonstrated a response similar to the alcohol-EOG in man.

The site of action for ethanol is unknown and may involve the retina, the apical or basal
membranes of the RPE or may have an intracellular target or involve any combination of these
sites. The most likely of these however would be that ethanol acts upon the basal membrane
given that the oral dose would reach this surface initially at the highest concentration. However,
Pautler, (1994) added ethanol to both the apical and basal baths simultaneously which meant the
location of the ethanol receptor could have been on either side of the RPE. In contrast, Bialek et
al., (1996) added ethanol only to the apical side and demonstrated an alcohol response which
suggests that an ethanol receptor is localised to the apical membrane. The highly lipophillic
nature of ethanol would not exclude it from traversing the basal plasma membrane and
interacting with an apical or intracellular receptor. If ethanol only elicited a response from the
apical or basal surface or when the retina was in place then this would limit the number of
potential targets for ethanol given the different distribution of ionic channels and receptors on the

apical and basal plasma membranes of the RPE.

Bovine RPE has some advantages and some disadvantages for this study. The advantages are
that bovine eyes are readily obtainable and an ethanol response has been demonstrated in this
species. The number of studies utilising bovine preparations has led to a good knowledge of the
ionic channels, transporters as well as the intracellular signalling pathways present in this
species (Frambach et al,, 1989; Miller and Edelman, 1990; Joseph and Miller, 1991; Peterson et
al., 1997; Rymer et al., 2001).

The study of Pautler, (1994) into ethanol’s interaction with bovine RPE concluded that ethanol
was interacting with a primitive light sensitive G-protein coupled receptor. Furthermore, Pautler
did not detect any alterations in the intracellular [Ca2q from bovine eye-cups incubated with 0.5%
ethanol which implied that Ca2+was not the intracellular signal utilised by ethanol. However, Ca2+
is believed to be central to the light-EOG is also probably involved in the alcohol-EOG given the
similarities between the responses (Arden and Wolf, 2000a, b; Marmorstein et al, 2006;
Rosenthal et al, 2006). This suggests that the bovine alcohol response may differ to man.
Furthermore, the observation of Pautler that the alcohol response was dependent on light also
differs to man where the alcohol-EOG is performed on the dark adapted eye (Knave et al., 1974;
Skoog et al., 1975; Arden and Wolf, 2000b).

Bialek et al., (1996) found that ethanol increased the basolateral conductance of bovine RPE. In

this study the basal membrane depolarised and the TEP increased when 0.1% ethanol was
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added to the apical bath. No further investigation was undertaken by the group as to the likely

receptor or mechanism that led to these changes.

Rana have similarly been used to investigate the properties of the RPE in a number of studies
(Oakley Il et al., 1978; Miller and Farber, 1984; Giriff et at, 1985; Hughes et al., 1989; la Cour,
1991). One advantage of using frog was that this preparation can be used at room temperature
and the delay in post-mortem time could be minimised. No previous studies have investigated
the electrophysiological effects of ethanol on the RPE of Rana. However, there are also some
species differences between man and amphibian with respect to the pharmacology of the

basolateral chloride channels.

ARPE-19 cells were also used in an Ussing chamber to investigate the alcohol-EOG.

3.1.1 The Ussing Chamber

The advantages of using an Ussing chamber are that the RPE retains its cell-cell contacts and
the interactions between the RPE and the retina may be explored in detail (Ussing, 1953; Voute
and Ussing, 1968). A typical Ussing chamber consists of two chambers that are separated by the
epithelium. A voltage and current electrode are placed in the apical and basal baths and the
changes in voltage and current are recorded differentially with an amplifier. The chamber design
allows for rapid changes of bath solution as well as the addition of agonists or inhibitors to
investigate their effects on the TEP and TER (Miller and Steinberg, 1977; Quinn et al., 2001,
Rymer et al., 2001).

In this study, the Ussing chamber provides an ideal means to determine the likely pathway by
which ethanol acts upon either the retina or the RPE. By monitoring changes in the TEP and the
TER over time following the addition of ethanol there should be a rise in the TEP that correlates
to the alcohol-rise of the alcohol-EOG and a fall in the TER as the presumed basolateral CP
channel opens. Inhibition of the response with drugs would then identify the alcohol-receptor

responsible for the alcohol-EOG.

As discussed, the TEP is defined in the RPE as the difference between the basal and apical
membrane voltages (TEP = VB - VAdcd). In the RPE, the TEP is positive with VAdct at a more
hyperpolarised potential than VB at rest. To record the trans-epithelial resistance (TER) a two-
second pulse of 4 - 10 mV was applied across the tissue. The instantaneous current (l) is
recorded and Ohm’s law applied to give the TER which is then multiplied by the area of the
tissue to give the TER in Q.cm2 In the simplest case that was employed by Pautler (1994) to
explore the alcohol-EOG in bovine RPE the TEP increased following the addition of ethanol. In a
more advanced configuration, an intracellular electrode may be inserted into the tissue so that

the changes in VMcould also be recorded (Bialek et al., 1996).
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3.2 Methods

3.21 Bovine

Bovine eyes from herds < 30 months old were obtained from an abattoir and transported on ice
to the laboratory approximately two to four hours post mortem. The extra-ocular muscles were
trimmed. A small ~2 mm incision was initially made with a razor blade at the limbus and then
extended to separate the anterior and posterior chambers. The anterior segment and vitreous
were removed and the eye-cup filled with buffer at room temperature. An 8 mm diameter
disposable biopsy punch (WPI, Aston UK) was used to cut out a ‘button’ of sclera, choroid, RPE
and retina from the non-tapetal mid-periphery of the posterior pole. The button was transferred to
buffer where the RPE-choroid was gently removed from the sclera with fine scissors and the
retina floated off (in some cases the retina was retained in situ for the experiment). The RPE-
choroid was then transferred to a piece of trimmed hardened Whatman filter paper grade 541
with 25 - 50 jjm pores (Sigma-Aldrich) and held between two circular Lucite plates with an
aperture diameter of 4 mm. The plates and tissue were sealed by means of three screws that

were tightened gently to avoid damaging the tissue. This insert was used in Ussing chamber 1.

3.2.1.1 Ussing Chamber 1

A modified Ussing chamber (WPI) was used with 5 ml of buffer to each of the apical and basal
hemi-chambers. Each half chamber was designed with recessed sections to accommodate the
mounted tissue where it was clamped between the two halves. The 4 mm diameter disc of tissue
acted as the barrier between the two compartments. Buffer for Ussing chamber 1 (see table 3.1
page 98) was circulated gently through the system by bubbling humidified 5% C02and 95% 02
into the buffer. The buffer's pH was adjusted to 7.5 + 0.1 before use by bubbling it with 5% C02
and 95% 02 The buffer's temperature was controlled by circulating water at 38°C through an
outer glass jacket that surrounded the buffer as it circulated within the Ussing chamber. The
temperature of the buffer inside the Ussing chamber was monitored by a bead thermister placed
at the opening of the Ussing chamber's fluid inlet. Stock buffer was kept in a separate circulating

water bath at 37'C until being added to the chamber when a fresh preparation was inserted.

An ECV4000 amplifier and pre-amplifier (WPI) was used to record the TEP. Initially a blank
insert was placed in the Ussing chamber containing a piece of filter paper described earlier with 5
ml of heated buffer added to the apical and basal baths and voltage electrodes connected. The
electrode offset was zeroed after ten minutes with the built-in potentiometer of the amplifier.
Electrodes were monitored to ensure no drift was present before the Ussing chamber was
opened and the insert containing the preparation added. Tissues with a TEP of > 2 mV were
considered viable for all of the bovine experiments (Miller and Edelman, 1990). The ECV4000

also recorded the TER but the sensitivity was too low for these values to be of any practical use
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and are not shown. The main reason was that the Ammeter had a resolution of + 1 which did
not permit changes in the TER of ~5 Q.cm2as reported by Bialek et a/., (1996) to be resolved. In
the study of Pautler, the TERs were not reported.

Recordings of the TEP were made initially at five-minute intervals for thirty minutes to allow the
preparation to stabilise and then at one to two minute intervals once ethanol was added to the
apical bath. Ethanol (1 ml of 0.5% vol/vol) was added to the apical bath after the removal of 1 ml

of buffer to give a final concentration of 0.1% ethanol in the apical bath.

Electrodes (WPI) were Ag/AgCI pellets with an Agar salt bridge that was prepared by heating 3
grams of agarose in 100 ml of buffer and injecting the heated agar mixture into the casing of the
Ag/AgCI pellet and allowing the agar to set. Figure 3.1 shows a schematic of the WPl Ussing

chamber system with pre-amplifier.

Figure 3.1 Ussing Chamber 1

Ussing chamber with glass waterjacket heated by circulating water maintained at 38 "C. Gentle
bubbling of the solution with humidified gas (5% C02 + 95 % 02 circulated the buffer (dark
arrows). Baseline potential was set to zero by placing a blank insert into the Ussing chamber and
zeroing the potential difference with the potentiometer after five to ten minutes. The blank insert
was removed and the one containing the bovine RPE tissue was mounted in the Ussing

chamber. The black bar that separates the apical and basal baths indicates the RPE.
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3.2.1.2 Ussing Chamber 2

The second chamber consisted of a 100 ml glass reservoir divided with a removable lucite
carrier that held the bovine preparation with an aperture diameter of 3 mm. The carrier formed
two 50 ml half chambers into each of which a voltage and current electrode were fixed in place.
The preparation of the tissue was identical to that described for Ussing chamber 1. However, the
carrier was a different design that enabled the tissue to be sealed gently between two
interlocking Lucite plates with vacuum grease (Dow Corning, USA) applied lightly around the
periphery of the tissue edge. The pressure to seal the two plates together was considerably less
than that in Ussing chamber 1 where the tissue was clamped between two discs by means of
tightening three screws. In this series, 1 mM glutathione was incorporated into the buffer and the
gas switched to (5% C02 10 % 02and 85%). Lowered p02 and glutathione are reported to
increase the longevity of the tissue (Winkler and Giblin, 1983; Miller and Edelman, 1990). The pH
was adjusted to 7.5 + 0.1 before use with 5% C02 10 % 0 2and85% N2 For details of buffer, see
(table 3.1 page 98). The ionic composition of the buffer was also altered to reduce the [K4 to 5
mM and increase the [Ca24 to 1.8 mM and D-glucose to 10 mM (Maminishkis et at., 2002).

Recordings of instantaneous voltage and current were made at thirty-second intervals with a
Keithley Multimeter 2700. (Keithley instruments, Ohio, USA) Data was stored in an Excel™
spreadsheet using ExceLinx™ (Keithley) for later analysis. The TER was calculated by dividing
the TEP with the instantaneous current and multiplying this resistance by the area of the
chamber aperture (0.07 cm2). Absolute ethanol was added to either the apical or basal bath to
give a final concentration of 0.2% or 0.5% ethanol after the electrical parameters were stable. To
determine if ethanol may be acting directly upon the retina, 0.2% ethanol was added to the apical
bath in preparations with the retina in place. The electrodes were the same as the ones used in

Ussing chamber 1. Figure 3.2 overleaf is a schematic of the second Ussing chamber design.
The mean of the voltage and current offset for the preceding five minutes before the preparation

was added to the chamber was subtracted from the subsequent recordings with the tissue in

place.
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Figure 3.2 Ussing Chamber 2

TER = [TEP/(IB=d - 1Adcd)] x Area  (Cl-cm?)

Schematic representation of the second Ussing chamber used for bovine RPE tissue. The glass
Ussing chamber was placed in a water bath maintained at 37"C. Gas was gently bubbled into the
apical and basal baths. Voltage and current electrodes were fixed into the apical and basal baths
and the differential instantaneous voltage and current were recorded at 30 second intervals with

the Keithley 2700 multimeter. The values were stored on a computer hard drive.

3.2.2 Rana

All animal procedures were performed in accordance with the Association for Research in Vision

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

Rana Temporaria were pithed before decapitation and the eyes carefully cut away from the head
and placed in buffer solution (see table 3.1 page 98) at room temperature. The buffer was pre-
gassed with humidified 5% C02 10% 02 and 85% N2to give a pH of 7.5 + 0.1. Each eye was
bisected at the equator with a razor blade and the anterior section discarded. Excess vitreous
was removed with absorbent tissue paper and the eye-cup mounted on the lower half of an

Ussing chamber. For this experiment one of the half chambers from Ussing chamber 1 was used
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with the eye-cup mounted in the central aperture and the earth and active electrodes inserted

into the luer fittings.

Electrodes were 3% (w/v) agarose dissolved in the buffer for Rana eye-cup experiments. The
apical electrode contained a single surgical silk thread (2-0) Mersilk™ (Johnson and Johnson
Inti, Brussels, Belgium) that was moistened with buffer. The apical electrode was held in place
with a micromanipulator (WPI) and lowered so that tip of the silk thread just made contact with
the meniscus of buffer that filled the eye-cup. Additional buffer was added to the eye-cup as
required which was typically at five to ten minute intervals. One drop of 0.1% or 0.2% ethanol in
buffer was added to the retinal surface with a Pasteur pipette at suitable intervals (~ 20 - 30
minutes). The baseline was established prior to the addition of the eye-cup by lowering the tip of
the apical electrode into the basal bath and waiting approximately ten to fifteen minutes for the
potential difference to stabilise. This potential was then subtracted from the resulting voltage
when the eye-cup was added. Recordings of the differential voltage were made at twenty second
intervals using the Keithley 2700 multimeter and stored directly in an Excel™ spreadsheet using
ExceLinx™ (Keithley).

In order to establish that the RPE-retina were still functional an EOG was performed on the eye-
cup. The light source for the EOG was a 100 W incandescent lamp placed 15 cm from the eye-
cup. Background room luminance was 70 cd/m2and in darkness 0.01 cd/m2and with the lamp
switched on the luminance was 530 cd/m2 (Minolta Chroma meter, CS100, Japan). Figure 3.3

overleaf shows the schematic diagram of the Ussing chamber used to record from the eye-cup.
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Figure 3.3 Eye-Cup Chamber for Rana

Schematic representation of the modified Ussing chamber used for the Rana eye-cup
experiments. The eye-cup was placed in a cylinder with two electrode ports that contacted the
buffer. This was one of the half chambers from Ussing chamber 1 The apical electrode
contained a silk thread which was gently lowered onto the apical surface of the eye-cup. Buffer
and drugs were added periodically with a Pasteur pipette. The eye-cup potential was recorded

directly with the Keithley 2700 multimeter and was taken as the difference between VBxss and

N Apicalm

3.2.3 ARPE-19

ARPE-19 cells were grown under standard culture conditions before being seeded onto laminin
coated Transwell™ filters as described in sections 2.6.1 and 2.6.3.1. The serum was reduced to
1% FCS and the TER monitored over time with the EndOHM™ voltohmmeter (as described in
section 6.5.1). Constituents of the ARPE-19 buffer are detailed in table 3.1 on page 98. The
buffer was prepared and gassed with 10% 02 5% C02 and 85% N2to a pH of 7.4. 25 ml
aliquots were then filtered through a 0.22 pM nylon pore (Corning), and stored at 37'C in a water
bath.
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The inserts were then mounted in an Ussing chamber designed to support the Transwell

inserts (WPI) containing 5 ml of solution in the apical and basal baths respectively as described
in Ussing chamber 1. Voltage electrodes were connected to the board of the Keithley multimeter
and voltage differences were recorded at thirty second intervals and stored on an Excel™
spreadsheet using ExceLinx™ (Keithley). Approximately five to ten minutes was required to

stabilise the potential difference between the electrodes.

3.3 Buffers and Drug Preparation

All solutions were prepared on the day of the experiment in double distilled water (ddH2)) using
analytical grade chemicals (Sigma-Aldrich). The composition of the buffers are listed in table
3.1.

Table 3.1 Buffer Composition for Ussing Chambers

Bovine Ussing 1 Bovine Ussing 2 Rana ARPE-19

Solute

(mM) (mM) (mM) (mM)
NaCl 118.0 120.0 100.0 125.0
KCI 0.8 0.8 1.8 4.8
MgSo04 1.6 1.0 1.0 0.8
CaCl2 1.6 18 1.8 1.8
kh2o04 1.2 1.2 0.2 0.2
NaHCO03 25.0 23.0 10.0 10.0
D-Glucose 6.6 10.0 10.0 5.6
Glutathione — 1.0 — —
BSA wiv (%) 0.01 0.01 — —
pH 75 75 75 7.5

List of the ionic composition of buffers used in the Ussing chamber experiments.

3.3.1 Ethanol

Ussing chamber 1: Absolute ethanol was diluted to a 0.5% (vol/vol) working concentration (50
p\ ethanol (Analytical Grade): 10 ml of buffer). 1 ml of the apical bath solution was removed and
replaced with 1 ml of 0.5% ethanol solution giving a final concentration of 0.1% ethanol in the

apical bath.

Ussing chamber 2: With a larger volume in the apical and basal baths of 50 ml it was possible
to add absolute ethanol to the bath directly. For 0.2% (vol/vol) 100 p\ ethanol was added and for
0.5% (vol/vol) 250 p\ of ethanol was added to each bath with an equal volume of buffer removed

prior to the addition of ethanol.

Rana: For the Rana eye-cup, ethanol (0.1% and 0.2%) was prepared in buffer solution and
added to the eye-cup as required.
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3.3.2 Epinephrine and Ouabain

Epinephrine hydrochloride (MW 219) and ouabain octahydrate (MW 729) were dissolved in 100
ml of buffer to prepare a working concentration of 1 mM epinephrine and 10 mM ouabain
respectively. 50 fj\ of these stock solutions were added to the apical bath of Ussing chamber 2
with an equal volume removed of circulating buffer (dilution 1:1000). All drugs were kept at 4°C

and protected from the light until use.

Epinephrine and ouabain were used to test the viability of the tissues and to ensure that the
drugs were reaching the aperture in the Ussing chamber. Circulation of the solutions was also

observed by adding sodium fluorescein to the baths with a blank filter.

3.4 Data analysis

The results are expressed as mean * SD unless otherwise stated. Student's unpaired, two-
tailed t-tests were used to determine the significant differences between means, where p < 0.05

was taken as statistically significant. Statistical calculations were made using Microsoft Excel™.
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3.5 Results

3.5.1 Bovine (Ussing Chamber 1)

From five out of six samples exposed to 0.1% ethanol in the apical bath at t=0 there was no
increase in the TEP over time. Figure 3.4 shows the mean + SEM of the TEP of the samples. Of

these, only one showed a rise in the TEP of > 2 mV and is labelled ‘response’ (open circles).

No significant alteration in the TEP was observed at t=10 minutes compared to t=0 minutes
when ethanol was added to the apical bath. The mean * SD (N=5) of the TEPs at t=0 was 7.5
3.0 mV and at t=10 minutes post ethanol (0.1%) the TEPs were 7.4 + 21 mV (p=0.8396). The
responding sample was not included in this analysis. The TEP at t=0 for this sample was 6.9 mV

and at t=10 minutes the TEP was 9.2 mV representing a change in the TEP of +2.3 mV.

Figure 3.4 Bovine TEP in Ussing Chamber 1

Bovine TEP (0.1% Ethanol Apical)
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The TEP over time recorded from six bovine RPE preparations mounted in Ussing chamber 1
When 0.1% ethanol was present in the apical bath (arrow), no significant rise in the TEP was
observed except from one sample (o). The Filled squares (m) show the mean + SEM of five

samples that did not show any response.
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3.5.2 Bovine (Ussing Chamber 2)

In Ussing chamber 2 the preparations could be maintained for longer. Recordings were made of
the TEP and the current at thirty-second intervals over time. The trace below (figure 3.5) shows a
typical recording over two hours in which the electrical parameters remained stable. In this
preparation, absolute ethanol was added to the apical or basal baths to give a final concentration
of 0.2% or 0.5%. At the time points indicated by ‘wash out’ either the apical or basal bath was
rapidly exchanged for fresh control buffer by aspiration which occasionally resulted in a shift in
the trace. The bath in which ethanol had been added was replaced with control buffer. In the

trace below the sample was added at t=8 minutes.

Figure 3.5 Bovine RPE in Ussing Chamber 2 TEP and TER

Bovine RPE maintained in Ussing chamber 2 and ethanol applied to the apical or basal baths in
(0.2% and 0.5%). The TEP (o) and TER (¢), did not change. Wash out indicates the removal of
either the apical or basal bath depending upon which side the ethanol had been applied fo.

In table 3.2 (overleaf) the mean + SD of the TEP and TER are summarised for (N=2 and N=3)
individual RPE explants with 0.2% and 0.5% ethanol in the apical bath and from 0.2% ethanol in
the basal bath (N=3). No changes in either TEP or the TER were observed at 5, 10 or 15 minutes

post ethanol dose.
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Table 3.2 TEP and TER in Bovine RPE with Ethanol

0.2% Ethanol 0.5% Ethanol 0.5% Ethanol
Time  Apical RPE (N=2) Apical RPE (N=3) Basal RPE (N=3)
(Min) TEP TER TEP TER TEP TER

(mV) (0.cm2 (mV) (Q.cm2 (mV) (Q.cm2
-5 501 +0.55 136 +39 6.33+2.32 13332 9.01 +2.32 98 +32
0 504 £+046 132136 6.23+2.43 133+33 891 £+243 98+33
5 510 +t0.46 129 +33 6.20+246 134 +35 8.86 £+2.46 98 +35

10 516+044 129132 6.28 £+246 135+36 8.87 £2.46 98 +36
15 517 £+0.42 138 +41 6.27 +2.44 136 +37 8.86 £2.44 97 +37

Combined results from the second Ussing chamber with ethanol applied to the apical or basal
side of light adapted bovine RPE. No alterations in TEP or TER are evident following ethanol
(0.2% or 0.5%) in the apical bath or ethanol (0.5%) in the basal bath at t=0 minutes. All values

are mean + SD.

3.5.3 RPE and Retina

When the retina was retained in the preparation and 0.5% ethanol was added to the apical side
no alteration in the TEP or TER was observed at t=5, 10 or 15 minutes after the addition of
ethanol. See table 3.3.

Table 3.3 Summary of Bovine RPE-retina with Ethanol

Time TEP TER

(min) (mV) (Q.cm2
-5 10.90 £2.10 100 +8
0 10.97 £2.00 100 +8
5 11.05 +2.18 99 +7
10 11.09 +2.22 100 +8
15 10.95 +2.38 98 +8

The TEP and TER over time with the RPE-retina intact and mounted in Ussing chamber 2. No

changes in the TEP or the TER were observed over this time interval. All values are mean + SD.
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Figure 3.6 shows a trace of Bovine RPE with the retina still in situ mounted in Ussing chamber 2
and challenged with 0.5% ethanol from the apical side. The preparation was added at t=10

minutes.

Figure 3.6 Bovine RPE and Retina Ussing Chamber 2
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The TEP (o) and the TER (m) did not show any response to 0.5% ethanol in the apical bath. No

response was observed when 0.5% ethanol was in the basal bath in this preparation.

3.5.4 Epinephrine and Ouabain

The result shown (figure 3.7 overleaf) is from one sample with epinephrine (1 pM) followed by
an interval of sixty minutes in which the apical and basal bath solutions were replaced with buffer
before replacing the apical bath with ouabain (10 pM). Epinephrine did increase the TEP slightly
from 5.09 mV at t=0 to 5.19 mV at t=30 minutes and the TER fell from 244 Q.cm2at t=0 to 222
Q.cm2 at t=30 minutes. These results are consistent with an increase in the basolateral

membrane conductance caused by epinephrine from N=1 sample.

The addition of ouabain (figure 3.8 overleaf) also led to slight changes in the electrical
parameters with a slight fall in the TEP from 4.24 mV at t=0 to 3.90 mV at t=30 minutes (N=1).
The TER increased from 169 Q.cm2 at t=0 to 185 Q.cm2 at t=30 minutes consistent with the

increased tissue resistance caused by the blockade of the apical NaKATPase pump.
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Figure 3.7 Epinephrine (1 /jM) and Bovine RPE (N=1)

Time (Minutes)

Epinephrine 1 pM final concentration in 50 ml of buffer was exchanged for the control 50 ml
buffer at t=5 minutes (Epi). There is a slight increase in the TEP (+) and fall in the TER (o) (N=1).

Figure 3.8 Ouabain (10 ¢/M) and Bovine RPE (N=1)

Ouabain (10 ju M) Apical

Time (Minutes)

Ouabain 10 pM (Oua) added to the apical bath after one hour of wash out with control buffer
following the initial trial with epinephrine. The TEP (¢) falls slightly over time and the TER (n)
rises slightly when ouabain was added (arrow). (N=1).
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3.5.5 Rana

In the preparation shown in figure 3.9 the eye-cup, potential was measured directly following the
addition of ethanol as well as a change in luminance to simulate the light-EOG in man. The peak
eye-cup potential of 8.5 mV occurred approximately 7 minutes after the eye-cup was mounted in
the modified Ussing chamber. Repeated application of 0.1% ethanol did not increase the eye-
cup potential. However, when the background luminance was reduced to 0.01 cd/m2 for ten
minutes there was a sharp decrease in the eye-cup potential corresponding to the dark-trough of
the EOG in man. Upon re-illumination to 530 cd/m2the eye-cup potential rose by 2 mV and
peaked 5 minutes after light onset. This response corresponds to the light-rise of the EOG and
demonstrates a functional RPE-retina despite the eye-cup potential being 50% less than at the

start of the experiments. However, there was still no response to 0.2% ethanol after this period.

Figure 3.9 Rana Eye-Cup Response to Ethanol, Epinephrine and Light (N=1)

Rana Eye-Cup Response to Ethanol and Light

Time (Minutes)

Rana eye-cup potential in response to 0.1% and 0.2% solutions of ethanol showed no increase
in the potential. However, a distinct dark-trough and light-rise were evident indicating a functional
RPE-retina complex. The small deflections in the trace at approximately 20 and 30 minutes are
time points when fresh buffer was added. The eye-cup was added at t=4 minutes once the

electrodes were stable. Recording from N=1eye-cup.
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3.5.6 ARPE-19 in Ussing Chamber

Figure 3.10 shows the mean £ SEM of 6 ARPE-19 cells mounted on Transwell™ filters with a
mean + SD TER of 18 + 2 Q.cm2 after one week in culture. The TEPs were small from 0.2 - 0.8

mV which were too low to perform reliable experiments. The mean + SEM of the TEP at 30

minutes after insertion was 0.43 = 0.24 mV (N=6).

Figure 3.10 TEP of ARPE-19 cells

ARPE-19 1% FCS Control

ARPE-19 cells mounted in an Ussing chamber failed to establish a high TEP. Plot shows mean +

SEM of six filters with the TEP recorded at fifteen-second intervals.
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3.6 Discussion

The light-EOG has been demonstrated in numerous species besides man such as lizard (Griff
and Steinberg, 1982), chick (Gallemore et at, 1988; Gallemore and Steinberg, 1993), cat
(Linsenmeier and Steinberg, 1982) and monkey (Valeton and van Norren, 1982). The alcohol-
EOG has been demonstrated in man and in sheep (Knave et at, 1974) but is absent in cat
(Arden, personal communication). Studies using animal RPE preparations have contributed
greatly to our understanding of the RPE’s physiology and the interaction of the light-evoked
responses generated across the RPE such as the light-rise and c-wave (Steinberg et at., 1970,

1985; Griff and Steinberg).

The TEP and TERs recorded with the Ussing chambers were consistent with previously
published work. Bovine RPE typically has a TEP of 6 - 9 mV and a TER of 100 - 200 Q.cm2
(Miller and Edelman, 1990; Edelman and Miller, 1991; Joseph and Miller, 1991; Arndt et at,
2001; Rymer et at, 2001; Maminishkis et at, 2002; Hillenkamp et at, 2004a). The response to
ethanol in bovine RPE preparations has been previously reported. In one study the effects of
ethanol (0.1%) on the TEP and TER were assessed in control experiments carried out in a
pharmacological study of the RPE (Bialek et at, 1996). Using intracellular recordings from five
cells (2 eyes) the authors reported that when ethanol was added to the apical bath the TEP
increased by +1.5 + 0.3 mV with a depolarisation of VB=dof +3.7 £ 0.9 mV. The TER also fell by
-5.4 + 1.2 Q.cm2 These findings are consistent with an action of ethanol to depolarise the basal
membrane due to an increase in basolateral conductance that accounts for the fall in tissue

resistance.

In a second study using bovine RPE, Pautler (1994) showed that the ethanol response was
maximal in green light (A= 530 nm) and only when the RPE was light-adapted. Pautler found that
for a dose of 0.5% ethanol when applied simultaneously to the apical and basal baths in green
light the TEP rose by 2.0 + 0.46 mV (Pautler, 1994). Pautler's findings, though of interest, were
not fully completed and would contradict the findings in man where ethanol administered in the
dark clearly causes a rise in the ocular standing potential (Skoog et at, 1975; Arden and Wolf,

2000b).

The results from the first Ussing chamber did show a rise in the TEP for one preparation only
with a similar change in the TEP as previously reported. In the current study, 0.1% ethanol was
used which was lower than the dose used by Pautler. This lower dose was used as in man the
estimated concentration of ethanol reaching the RPE is sub millimolar (Wolf and Arden, 2004).

The higher doses used by Pautler may explain the more consistent results he observed.

This low number of successful trials with Ussing chamber 1 led to alterations in the buffer

composition, the gas and the Ussing chamber design in an effort to obtain more consistent

results. The modifications to the buffer and gas were in line with that of Mamishikis et al (2002).

The addition of glutathione together with a reduction in p02 also increased the longevity of the
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tissue. The second Ussing chamber design may have been better with the larger volume of
circulating buffer and the tissue was sealed more gently with vacuum grease rather than screws
which may have reduced the tissue’s edge damage. After one hour in the first Ussing chamber,
the TEPs had fallen by approximately 33%. In the second chamber tissues survived for two
hours with no reduction in the electrical parameters. The tissue area was reduced to 0.07 cm2
and the recordings of current to + 0.01 pA enabled the TER to be calculated with greater
accuracy. Ussing chamber 1 had been used for a previous study investigating taurine transport
across the RPE and so it is unlikely that ethanol was not reaching the apical surface (Hillenkamp
et al., 2004a, b).

When the low ethanol dose of 0.1% was used in the apical chamber, no effects were seen on
the TEP or TER. Consequently, the dose was increased to 0.5% in line with that of Pautler but
still no responses were apparent when added to either the apical or the basal chambers. When
the retina was retained on the RPE, there was similarly no alterations in the TEP or TER by

ethanol.

To test the viability of the tissue two drugs were used that are known to alter the electrical
parameters of bovine RPE in one sample. Epinephrine at 0.1 pM causes a sharp increase in the
TEP of bovine RPE of approximately +2.4 mV with a fall in the TER (Edelman and Miller, 1991).
In the trial epinephrine at a concentration of 1 pM did result in a modest increase in the TEP of
0.1 mV and a fall in the TER of 22 Q.cm2over a thirty minute interval. This result suggested that
the drug was reaching the tissue but that either the receptors or the intracellular signalling
pathway was impaired due to the post mortem delay. Epinephrine is known to act on the RPE via
the G-protein coupled cg-adrenergic receptor resulting in an increase in [Ca24in and increased
basolateral Cl- conductance (Edelman and Miller, 1991; Rymer et al., 2001).

Ouabain (0.1 mM) inhibits the apical NaKATPase pump, and in bovine, this results in a decrease
in net Na+ transport across VAdc which depolarises this membrane and results in a fall in the
TEP. The results in the preparation also showed a small fall in the TEP consistent with an effect
of ouabain at the apical membrane but not of the same magnitude as reported by Miller's group
who found that VAdc depolarised at a rate of ~9 mV/min (Joseph and Miller, 1991).

The unresponsiveness of the bovine preparations in the second chamber and the inconsistent
changes in the first chamber could be the result of several factors. One is that the apical
membrane was damaged during the removal of the retina so that the apical receptors were
impaired. Secondly, the delay of approximately 4 - 6 hours from the time of slaughter to mounting
the tissues in the Ussing chambers was longer than the forty minutes reported elsewhere
(Joseph and Miller, 1991; Rymer et al., 2001). The bovine eyes were transported in an ice-box to
the laboratory which maintained them at close to 4“C before storage in a refrigerator at 4°C. The
experiments were performed over an 8 - 10 hour period and so the actual time from slaughter

would have been in some cases greater than 4 hours.
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One study into the viability of RPE from porcine recommended that that the eyes be removed
immediately following slaughter and the tissue rapidly cooled (Steuer et at., 2004). The time from
slaughter to the removal of the eyes and packaging in the ice-box were unknown. The
percentage of viable cells in porcine RPE if stored at 4‘C after four hours was ~ 80% and
therefore, the number of viable cells in the RPE of the bovine preparations would have been also
compromised by the delay in receiving the tissue. These factors, despite the satisfactory
electrical parameters of the preparations, may have contributed to the lack of responses seen by
ethanol and the smaller changes in the TEP observed with epinephrine and ouabain that have

been previously reported.

Therefore, in order to decrease the post-mortem time Rana Temporalta was investigated. In part,
this was to exclude a role of the retina in generating the alcohol-EOG as well as to investigate
another species given the lack of consistent responses from the bovine material. The ease of
working at room temperature was seen as another advantage. One eye-cup was successfully
prepared with a TEP close to the range of previously reported values for Rana RPE preparations
(typically 11-14 mV) (Miller et at., 1978; Miller and Farber, 1984).

From the preparation, no alteration in the eye-cup potential was seen with ethanol. The eye-cup
still retained close retina-RPE contact and was not compromised given the clear dark-trough and
light-rise that were present. The response that replicated the light-EOG in man demonstrates that
the intracellular signalling pathway and cell surface receptors necessary for this response were

still functional.

The addition of ethanol to the apical retinal surface did not alter the eye-cup potential and this
would imply that either ethanol does not liberate a substance from the retina to alter the standing
potential in frog. In man, the bulk of the ethanol dose would arrive at the basolateral side of the
RPE owing to the large choroidal supply relative to the inner retina. Therefore, the apical
administration of ethanol in this model would be the least likely site of action for ethanol. The role
of ethanol on the rod outer segment currents is unlikely given that oral ethanol (750 mg/kg)
increases the b-wave slightly but does not alter the a-wave of the ERG (lkeda, 1963). Therefore,
any retinal interactions are distal to the RPE. Furthermore, the studies of Pautler and Bialek have
shown a direct action of ethanol on the RPE and so the RPE remains the most likely site of

ethanol’s action in generating the alcohol-EOG.

One difficulty in using non-human animal species is that differences in the signalling pathways
are known to exist between man and bovine and Rana. The two major differences identified are
in the action of inhibitors on the cAMP gated chloride channels and the chloride transport by
cAMP. DIDS inhibits frog and bovine cAMP activated chloride currents but in man DIDS is
ineffective at blocking the cAMP current when applied extracellularly (Miller and Edelman, 1990;
Anderson and Welsh, 1991; Fujii et at, 1992; Hughes and Segawa, 1993; Bialek and Miller,
1994).
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Intracellular signalling is also different in bovine and man with the regulation of [Ca24in affected
by second messengers at the level of the ER (See Section 1.4). However, cAMP increases
basolateral CP conductance in man and depolarises v Basai Whilst in bovine cAMP hyperpolarises
v Basai indicating a difference between these species in the way that cAMP and Ca2+ regulation is
controlled at the ER as this response is not seen when the endoplasmic reticulum calcium
ATPase (ERCA) pump is inhibited (Peterson et al., 1998; Quinn etal., 2001).

ARPE-19 cells have not been studied in any Ussing chamber configuration. This is undoubtedly
due to the low TEP and TER developed when compared to animal tissues. ARPE-19 have been
used for transport studies using the same Ussing chamber design but no electrical parameters
were reported (Zhang et al., 2006). The low TERs of the ARPE-19 cells now seem likely to be an
result of the heterogeneity of this cell line with respect to phenotype and the junctional proteins

expressed (Luo et al., 2006).

One additional difficulty with mounting the Transwell™ insert in the Ussing chamber was the need
to separate the two half chambers after stabilising the electrode offset with a blank filter. The
potential drift encountered with the new buffer although held at the same temperature was of the
order of £ 0.1 mV which introduced a large variable error into the measured TEPs. Furthermore,
there was potentially damage to the ARPE-19 monolayer at the edges of the insert as the tissue
was not clamped into a holder as in the bovine experiments that would induce leak current and a
reduced TEP. It was hoped that a method for increasing the TER of ARPE-19 cells through co-
culture or by modifications of the culture medium would have been possible. This would have
increased the likelihood of obtaining results in an Ussing chamber. However, both cell-culture
and the animal explants of RPE tissue failed to provide a suitable model with which to investigate

the alcohol-EOG in man.

3.6.1 Summary

The initial Ussing chamber experiments with Bovine RPE did not produce a response when
ethanol was added at a concentration similar to those previously used to alter the TEP. A further
modification to the chamber and buffer did not produce any responses. The failure of
epinephrine and ouabain to alter the TEP and TER significantly indicated that these tissues
were not sufficiently viable to produce an ethanol response. In one trial with a Rana eye-cup,
the lack of an ethanol response may reflect the species difference or that ethanol does not
release a substance from the retina in Rana. The culture of ARPE-19 cells did not produce a
suitable TEP with which to gauge accurately the effects of ethanol on this monolayer under

these conditions.
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4 Caz2+Signalling and Ethanol
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41 Introduction

The RPE’s basal membrane has two types of chloride channel that could be responsible for the
alcohol-EOG. One is gated by cAMP and the other is gated by Caz~ The cAMP dependent PKA
gated chloride channel is likely to be CFTR and the Ca2Z~gated channel could be one of the
bestrophin isoforms (hBest 2-3) or a CaCC (Reigada and Mitchell, 2005; Marmorstein et al.,
2006). If ethanol can cause a rise in [CaZ2in by a direct interaction with the RPE then this would
favour the model in which a Ca2~gated chloride channel was responsible for the alcohol-rise.
One method to determine changes in [Ca24inis to use a fluorescent probe that binds to cytosolic
free Caz2+

Ca2+ has long been suspected to be involved in the development of the light-rise (Hofmann and
Niemeyer, 1985; Peterson et al., 1997). The standard model was that light liberated the light-rise
substance that increased intracellular Ca2+that then gated open bestrophin which was presumed
to be the basolateral chloride channel finally responsible for the light-rise. However, recent
findings now suggest that this process is more complex and that bestrophin is not necessarily the
basolateral chloride channel responsible for the light-rise. However, Ca2+ is the intracellular

signal that evokes the light-rise (Marmorstein et al., 2006; Rosenthal et al., 2006).

Mutations in the gene encoding bestrophin, (Vitelliform Macular Dystrophy) VMD2, are
responsible for several maculopathies including Best's disease (Marquardt et al., 1998; Petrukhin
et al, 1998). Typically Best’s disease has an early age of onset and is characterised by a loss of
the light-rise (Thorburn and Nordstrom, 1978; Weleber, 1989; Pinckers et al, 1996; Ponjavic et
al., 1999) which has implicated bestrophin in the generation of this response. However, there has
been a report of normal light-rises in a family with mutations in VMD2 suggesting that bestrophin
may not be involved in this process (Pollack et al., 2005). Furthermore, adult onset vitelliform
macular dystrophy is also caused by mutations in VMD2 but the light-rise is preserved (Seddon
etal.,, 2001).

The link between bestrophin, Ca2+ and the light-rise was made when transfection of hBestl into
HEK 293 cells resulted in a Ca2+activated chloride current (Sun et al, 2002). Similar findings
were observed when bestrophin from Xenopus, were also expressed in HEK 293 (Qu et al,
2003). The chloride currents were all reduced when mutated bestrophins were expressed. There
are four human homologues of human bestrophin (hBestl-4) with hBestl displaying a slight
rectification (Tsunenari et al., 2003). Of the homologues mutations in hBestl account for 60% of
the clinical cases of Best's disease and consequently the relationship between hBestl and the

light-rise has been closely examined.

The first piece of evidence that bestrophin may not be the chloride channel responsible for the
light-rise was that when bestrophin (hBest-1) was over-expressed in rat there was no increase in
the light-rise amplitude and it was instead reduced (Marmorstein et al, 2004). In the same study,

the authors also found that when mutant bestrophin genes were expressed in rats the light-rises

112



were reduced, but not abolished as would be predicted if bestrophin was the sole chloride

channel responsible for the basolateral membrane depolarisation (Marmorstein et al., 2004).

The second important finding was that the hBestl isoform increased the kinetics of the L-type
Ca2+channel so that the rate of Ca2+entry was greater. Bestrophin also altered the properties of
the L-type Ca2+channel so that the membrane voltage at which Ca2+entered the cell was nearer
to the resting membrane potential. This implied that bestrophin was important at influencing the

timing and the probability of an L-type Ca2+channel opening (Rosenthal et al., 2006).

Finally, the most recent study using mice by Marmorstein et al., (2006) with disrupted Vmd2 so
that they expressed no functional bestrophin and compared the light responses to the wild-type
Vmd2 bestrophin expressing strain. The authors found that inhibition of the L-type Ca2+ with
nifedipine reduced the light-rise by 35%. This finding supports a role for the L-type Ca2+ channel
in generating at least a part of the Ca2+ signal required for the light-EOG. Furthermore, when the
possible light-rise substance, ATP was used to increase [CaZinin RPE cells derived from Vmd2
null mice, the ATP stimulated [Ca2{]inwas found to be five fold higher in the Vmd2 deficient RPE
cells than the control cells expressing bestrophin. This suggested that bestrophin was inhibiting
[Ca2]jn through modulation of the L-type-Ca2+ channel. A further significant finding was that
whole cell chloride currents were not reduced in the Vmd2 null mice compared to controls. The
light-rises of the mice with a defect in the 34+subunit of the voltage gated CaZ+ were slowed
compared to controls. It now appears that bestrophin (hBestl) is not the chloride channel

responsible for the alterations in basement membrane conductance.

Evidence from Arden and Wolf, (2000a, b) suggests that both the alcohol-EOG and light-EOG
share the same final common pathway but signalling starts from different receptors. The model
predicts that light and alcohol act on a different initial receptor but the resulting intracellular
pathway activated is the same and is saturable (Arden and Wolf, 2000a, b). The simplest
hypothesis is that the second messenger system in both cases acts on the same basolateral
chloride channel responsible for the light-rise. The most likely candidate for the messenger is
Ca2+ and so the first step was to determine whether ethanol could alter [Ca2fjn directly in the
RPE.

As discussed in the introductory sections 5.10, 5.10.1 and 5.10.2 the cytoplasmic free [CaZy is
low and is maintained by membrane-bound Ca2+channels and transporters. Within the RPE Ca2+
is stored in the ER and melanosomes (Fishman et al., 1977; Ulshafer et al, 1990). If [Ca2{in
generates the alcohol-rise then it may enter the cytosol from these stores or from the
extracellular medium. Release of Ca2+ from intracellular stores could be mediated by ethanol
binding to a G-protein coupled receptor to mediate the release of Ca2+from the ER. Alternatively
Ca2+ could be entering the cell from the extracellular side via L-type Ca2+channels (Strauss and
Wienrich, 1993, 1994; Rosenthal et al., 2006).
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There is evidence for ethanol to increase [CaZ4in through either release from the intracellular
stores or by permitting entry from the extracellular pools. Ethanol has been shown to increase
[CaZinvia L-type Ca2+channels in cultures of rat foetal hypothalamic cells (Simasko et al., 1999)
as well as by G-protein coupled receptor activation of adrenergic receptors (Bode and Molinoff,
1988; Hoek et al., 1990) or other receptors coupled to the generation of PLCB (Hoek and Rubin,
1990). However, ethanol also inhibits L-type Ca2+ currents in the neural cell line (Mullikin-
Kilpatrick and Treistman, 1994), adult rat hippocampus (Hendricson et al, 2003) and rat
pinealocytes (Chik et al, 1992). The experiments were designed to determine if ethanol could act
directly upon a suitable RPE cell line and evoke a rise in [CaZin and then to determine the

source of the Caz+

The majority of studies into ethanol have been undertaken on tissues where chronic alcohol
consumption is detrimental, notably the CNS, liver, muscle and heart. Table 4.1 overleaf lists the
concentrations used in several studies investigating the effects of ethanol. Typical values are
from 25 mM to 250 mM which are higher than the calculated sub millimolar concentration

estimated to cause the alcohol-EOG in man (Wolf and Arden, 2004).
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Table 41 Summary of Published Ethanol Concentrations

Ethanol
Tissue
Concentration Ca2+Effect Reference
(Animal)
(mM)
Smooth muscle Opens voltage gated Ca2+
20 - 200 Yang et al., (2001a)
(dog) channel
Skeletal muscle Inhibits voltage dependent
. 100 - 400 Oz et al., (2001)
(rabbit) Ca2+ efflux
Dorsal root

. Opens large K+dependent
ganglia 40 - 80 Gruss et al., (2001)
Ca2+channels

(rat)
Hippocampus Opens large K+dependent
25-100 g Dopico et al., (1998)
(rat) Ca2tchannels
Skeletal muscle Inhibits voltage dependent
20 - 300 Cofan et al., (2000)
(mouse) Ca2+channel
Astrocytes . Allansson et al.,
25 - 150 Increases [CaZjinfrom ER
(rat) (2001)
Basilar artery

Increase [CaZfinvia protein
muscle 20 - 200 . . Yang et al., (2001b)
tyrosine kinases

(dog)
Hepatocytes 30 - 300 Decreases IP3mediated Renard-Rooney et
(rat) release of Caz+ al., (1997)

Concentrations of ethanol used in studies investigating changes in [CaZ{in vary from 25-400 mM

which encompasses those used in this study (25- 250 mM).

411 Fluo4-AM

There are a number of CaZ+ indicators available for the recording of changes in [CaZjin
associated with intracellular signalling. Fluo-4 (Gee et a/., 2000) has an excitation peak of 488
nm and is coupled to an acetoxymethyl (AM) ester that permits the indicator to cross the cell
membrane. Within the cell cytoplasm, there are esterases that rapidly cleave the AM ester
thereby enabling the hydrophilic fluorescent indicator to bind to intracellular free Ca2+ With fluo
indicators (1-4) the fluorescence increases with increasing intracellular [Ca2] making such
probes a powerful tool in detecting changes in [CaZ4in (Minta et al, 1989). When the fluo-4
chromophore binds to Ca2+ there is an increased fluorescent emission at 516 nm. Figure 4.1
shows ARPE-19 cells were loaded with fluo4-AM displaying strong cytoplasmic staining of
cytosolic free Ca2+. Other indicators are available such as the fura compounds that have different

excitation wavelengths depending upon whether Ca2+ is bound or free and an approximately
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identical emission for these two states. By alternating between the two excitation wavelengths
and measuring the emission it is possible to compensate for photobleaching and also accurately
determine the [CaZ2in (Grynkiewicz et al., 1985).

Figure 41 ARPE-19 Loaded with Fluo4-AM

ARPE-19 cells loaded with fluo-4 AM grown to confluence in low serum for two to six weeks. The

fluo-4 indicator can be seen in the cell cytoplasm bound to resting cytosolic free Ca2+.

4.1.2 An Appropriate Cell Line

The human RPE cell lines available for this study, ARPE-19, D407 and h1RPE have all been
characterised in terms of their expression of RPE-specific proteins (Davis et al, 1995; Dunn et
al., 1996; Kanuga et al., 2002). One issue is that ARPE-19 and D407 do not express functional
bestrophin (Marmorstein et al, 2000). Given that bestrophin plays a role in Ca2+ regulation then
the absence of this channel in the cell lines is a problem (Marmorstein et al., 2006). It could be
argued that a change of [Ca2{in in a cell line without functional bestrophin would indicate that
bestrophin was unlikely to be the target. ARPE-19 expresses functional CFTR (Wills et al., 2000;
Reigada and Mitchell, 2005) whereas the expression is unknown in D407 and hi RPE.

ARPE-19 and D407 have been used to monitor changes in intracellular [Ca2{in using flura-2
(Reigada and Mitchell, 2005) and fluo-3 (Toimela and Tahti, 2001) respectively. However, it has
been shown that a drug transporter, P-glycoprotein (P-gp) is capable of extruding the negatively
charged AM ester of Ca2+ indicators (Homolya ef al., 1993). The study of Homolya identified that
the uptake of several AM chromophores, including fluo-3 was 80% less in a P-gp expressing cell
line. The uptake was improved when the P-gp competitive inhibitor verapamil was used. P-gp is

expressed in human RPE cultures on the apical and basal surfaces in situ (Kennedy and
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Mangini, 2002) and predominantly on the basal membrane of porcine RPE (Steuer et at., 2005).
It was possible that the human RPE cell lines would also express P-gp and this factor may have
reduced the loading of the chromphore into the cells. The presence of P-gp activity in either of
the cell lines would not necessarily exclude the cell line from future work with Ca2+ indicators as
P-gp could be inhibited with verapamil to enhance dye uptake. However, verapamil is an L-type
Ca2+channel inhibitor (Tytgat et at, 1988; Kuga et at, 1990) and given the involvement of L-type
Ca2tin the generation of the light-EOG (Rosenthal et at, 2006) then the inhibition of this channel

may have masked any effect of ethanol if the L-type Ca2+channel was a target.

The first step was to determine if a particular human cell line was preferable to use based on
whether it expressed P-gp. The next question was to determine whether ethanol could alter
[CaZAinin this chosen cell line. Finally, to determine whether the source of Ca2+was derived from

the intracellular or extracellular pools.
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4.2 Methods

4.21 Cell Culture

Three human RPE cell lines were studied to determine which of them expressed P-gp. D407 and
ARPE-19 have been described in sections (2.2.1 and 2.2.2). In addition to the two spontaneously
arising human RPE cell lines ARPE-19 and D407 one additional RPE cell line was utilised. This
cell line, h1RPE has recently been developed and is the product of transfecting a fifty-year-old
female human donor's RPE with simian virus (SV)40 large T antigen to confer immortalisation. As
originally described these cells expressed apical microvilli and tight junctional complexes but
lacked pigmentation. The cells expressed mRNA for RPE65 and CRALBP and have been used
successfully to restore visual function in the RCS rat (Lund et al., 2001 ; Kanuga et al., 2002). The
presence of bestrophin has not been determined. The h1RPE cell line was a generous gift of

Prof John Greenwood, University College London and supplied at passage 20.

As a positive control the Madin Darby Canine Kidney (MDCK) (Gaush et al., 1966) cell line that
has been stably transfected with the multi-drug resistance (MDR1) gene and expresses
functional P-gp activity was used (Pastan et al, 1988) and denoted MDCK-MDR1. These cells
were a generous gift of R Melarange (GlaxoSmithKline, Ware, UK). MDCK-MDR1 were grown in
DMEM with high (4.5 g/l) glucose supplemented with 10% heat inactivated FCS, 100 U/ml
penicillin, 100 pg/ml streptomycin and 2 mM L-glutamine; they were used within forty passages of
receipt. ARPE-19 and D407 cells were grown under standard conditions as described in section
6.4.1. h1RPE cells were grown in Ham’s F10 medium supplemented with 20% FCS, 100 U/ml
penicillin, 100 pg/ml streptomycin, 0.25 ¢jg/ml amphotericin B and 2 mM L-glutamine.

4.2.2 Immunocytochemistry

To enhance attachment and growth of the cell lines, glass cover slips (12 mm diameter) were
pre-coated with 5-10 /vg/cm?of mouse collagen type-1 solution and placed in 4-well chambers
(Nunc, Roskilde, Denmark) overnight at 37"C. Excess collagen solution was aspirated the next
day before cells were seeded at an initial density (cells/cm2) of 5x104for D407; 1x105for ARPE-
19 and 2x105for MDCK-MDCK and h1RPE respectively. Cells were grown to confluence under
standard conditions. All procedures were carried out at room temperature unless stated
otherwise. Cover slips were washed twice in PBS for five minutes and fixed with ice-cold acetone
at 4'C for ten minutes to permeabalise the cell membrane. They were then rinsed three times in
PBS and blocked in PBS containing 0.5% (wt/vol) BSA and 5% mouse serum for twenty minutes
before washing the cover slips again three times for five minutes in PBS. The primary antibody,
C219 (ID Labs, Glasgow, UK) recognises an internal epitope of human P-gp (Friedlander et al.,
1989); it was added at a dilution of 1:10 in blocking buffer and cells incubated for sixty minutes.

Cover slips were washed three times for five minutes in PBS before the secondary antibody
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(FITC-conjugated goat anti-mouse; Dako, Glostrup, Denmark) was added (1:200 dilution in
blocking buffer) and incubated in the dark for one hour. Cover slips were washed three times in
PBS and nuclei counterstained with propidium iodide (1 ¢yg/m in PBS) for ten seconds before
washing again three times in PBS. Cells were imaged with a Zeiss Axiovert 510 laser scanning
confocal microscope (Carl Zeiss, Jena, Germany) with dual excitation of 488 nm and 543 nm.
They were viewed with a 40x oil immersion lens, NA = 1.3. Images (1024 x1024 pixels) were
stored on computer hard drive and viewed with Axiovision 3 (Carl Zeiss, Jena, Germany).

Negative controls were incubated with the secondary antibody only.

4.2.3 Intracellular Ca2+

All preparation and recordings were carried out at room temperature unless otherwise stated.
The protocol for intracellular Ca2+ measurements is a modification of that described by Mangini et
al., (1997). ARPE-19 cells were grown in standard culture conditions with passage 24 - 30 used
in these experiments. Cells were grown at an initial density of 2 x 105 cells/cm2 on glass
coverslips that were pre-coated the day before with 100 A of FCS and allowed to dry overnight
(Kanuga et al., 2002). Cover slips were placed in the wells of 4 well plates (Nunc) and the FCS in
the growth medium was reduced to FCS 1%. The medium was changed every four days and the
coverslips were used after two to six weeks in culture in the lowered serum to enhance
polarisation of the cells (Dunn et al., 1998; Mitchell, 2001).

Coverslips were rinsed in buffer containing (in mM): NaCl, 140; KCl, 4.8, MgS04; CaCl2 1.§;
KH2P04, 0.2; HEPES, 15; and glucose, 5. For nominally Ca2+free experiments CaCl2 was
omitted and 2 mM Ethylene-bis(oxyethylenenitrilo)tetraacetic acid (EGTA) used. The pH was
adjusted to 7.40 with NaOPI. Loading buffer was prepared by adding 10 Al of 10 mM stock
solution of Fluo4-AM in DMSO (Molecular Probes-Invitrogen, Paisley, UK) and 10 ;A of 30% BSA
to 10 ml of Ca2+~containing buffer solution. Final concentrations in the loading buffer were 1 *M
Fluo4-AM, 0.1% DMSO and 0.03% BSA. 0.5 ml of loading buffer was added to each well in the
dark for sixty minutes. Cells were then rinsed twice with CaZ+containing buffer before being
incubated in 0.5 ml of Ca2+containing buffer at 37'C with 5% C02for forty-five to sixty minutes to

allow endogenous proteases to cleave the AM ester from the dye.

The cover slips were then transferred in the dark to a perfusion chamber (Warner, CT, USA) with
a volume of approximately 1.5 ml and mounted onto the stage of a Zeiss (LSM510) confocal
laser-scanning microscope (Zeiss). The laser enabled single narrow band excitation at 488 nm.
The cell monolayer was imaged with a 40x oil immersion lens (NA = 1.3). Fluorescent emission
was transferred via a broad band pass filter (A > 500 nm) and captured with an image intensified
charge-coupled device camera at 1 second intervals. Images 512 x 512 pixels were stored on a

hard drive. Cytoplasmic areas were analysed with axioviewer 3.0 (Zeiss, Jena, Germany).

After fifteen to thirty seconds the buffer was removed with suction and replaced with either buffer

with CaCl2 and ethanol in the following concentrations: 0 mM (N=3 trials with 28 sampled cells),
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25 mM (N=2 trials with 22 sampled cells), 50 mM (N=4 trials with 30 sampled cells), 100 mM
(N=15 trials with 127 sampled cells) or 250 mM (N=30 with 273 sampled cells). Alternatively the
cells were challenged with 250 mM ethanol (N=18 trials with 139 sampled cells) in Ca2~free
buffer to determine whether any responses were present in the absence of extracellular Ca2+ In
all trials between thirty and fifty cells were visible in the field of which six to ten were sampled.

Fluorescent recordings continued for up to five minutes.

The ratio (R) of change above baseline was calculated using [(F-FO)/F( where FO is baseline
fluorescence taken as the mean fluorescence for the fifteen second interval preceding the
ethanol dose, with F being the fluorescence after the dose. The R-value therefore represents the
normalised fluorescence. Cells were considered to respond if there was a change in baseline
fluorescence of >1.25R (e.g. greater than 25% change in fluorescence above background). See

equation 4.i.

R=(F- F0)/FO — 4

Where:

R = Ratio of fluorescent change.

F = Fluorescence intensity during recordings at a given time.

FO = Mean baseline fluorescence emission of the ten second interval prior to

recordings.

Limitations of the experimental set-up prevented the addition of ethanol directly to the basal
surface of the RPE as the cells were grown on glass cover slips and visualised on an inverted

microscope.

4.2.4 Preparation of Drugs and Ethanol

4.2.41 Ethanol

Concentrations in this section are reported in mM which is consistent with other publications.
Absolute ethanol was diluted to produce a 250 mM stock solution which was then diluted (1 :
2.5) to give 100 mM solution, (1 : 5) to give 50 mM solution and (1 : 10) to give a 25 mM
solution. Taking 50 ml/l of absolute ethanol as Molar then a 250 mM solution was prepared by

adding 1.25 ml of ethanol to 98.75 ml of Ca2+~free or Ca2+~containing buffer.

4.2.4.2 Calcimycin (A23187)

Calcimycin A23187 (Molecular Weight (MW) = 524) is a Ca2+ ionophore that permeabalises the
cell membrane enabling Ca2+to enter the cytosol. A23187 (10 mg) was dissolved in 200 pi of
DMSO giving a stock solution of 50 pg/pl. 20 pi aliquots were stored at -50°C in the dark. One
aliquot was then added to 20 ml of Ca2~containing buffer to give a final concentration of A23187

(2.5 pg/ml) and 0.1% DMSO (Salceda and Sanchez-Chavez, 2000).

120



4.2.4.3 Epinephrine and Nifedipine

Preparation of a 1 mM stock epinephrine solution in Ca2+containing buffer has been described
in section 7.3.2. In these experiments, the 1 mM epinephrine solution was diluted (1:100) to give
a final concentration of 10 pM. Nifedipine (MW = 347) has been used in patch clamp studies at a
concentration of (1 - 10 pM) to inhibit L-type Ca2+currents in rat RPE cells (Strauss and Wienrich,
1994; Mergler et al., 1998; Rosenthal et al., 2006). Nifedipine (35 mg) was dissolved in 1 ml
DMSO to give a working concentration of 100 mM. This solution was serially diluted so that the
final concentration of DMSO was kept low. Initially 100 pi of the working 100 mM stock solution
was diluted 1:1000 with 100 ml of Ca2+containing buffer and then 1 ml of this solution was
diluted a further 1:100 in Ca2+~containing buffer to give a final concentration of 1 pM Nifedipine
and 0.01% DMSO and stored in the dark at 4°C until use.

4.2.5 Estimation of [Ca24in

The R-value is not linearly related to the [Ca24inbut indicates a qualitative change in [Ca2finover
time. Because there is no spectral shift with the fluo indicators upon Ca2+binding (Minta ef al.,
1989) a ratiometric approach is impractical without the loading of additional indicators such as
fluo-red (Floto et al., 1995).

However, the R-value used here, of the normalised fluorescent, gives a qualitative measure of

the change in [CaZ2inover time compared to the baseline.

An approximation to the change in [Ca2f after the application of ethanol can be made based
upon the fluorescence emission. The standard protocol for calculating the [Ca2{in using fura
indicators is to use the ratio of fluorescence based upon the emission when flura is in 0 mM Ca2+
and when it is saturated in high Ca2+ Using equation 4.ii derived by Grynkiewicz et al., (1985).

[Ca2f = Kdx [(/?-Rnin | (Rmax- A)]xQ - 4N

Where:

[Ca24] = Concentration of cytosolic Ca2+ (nM).

Kd= dissociation constant of the fluorescent indicator (nM).

Rnin= Ratio of fluorescent emission at the two excitation wavelengths in zero Ca2+
Rmax= Ratio of fluorescent emission at the two excitation wavelengths with

saturating [Ca24,

R = Ratio of fluorescent emission at the two excitation wavelengths recorded during
the experiment.

Q = Ratio of fluorescence minimum to fluorescence maximum at the excitation

wavelength for the flura indicator.
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However, fluo indicators do not lend themselves to a ratiometric approach to determine the
[CaZin One method of determining the change in fluorescence emission above baseline is to
assume that the baseline fluorescence represents the resting [Ca24in of the cells. Then the
change in fluorescence can be estimated from this baseline concentration. The following
derivation is that of Cannell et al, (1994) who used fluo-3 to record alterations in [Ca2]in in
cardiac myocytes based upon the fluorescence only. As R represents the fluorescent ratio then

equation 4.ii can be rewritten to become equation 4.iii (Grynkiewicz et al., 1985).

[Ca2qin= Kd x [(F-Fnin) / (FmaxF)] - A4iii
Where:

[Ca2]in= Intracellular Ca2+concentration.

Kd = Dissociation constant.

F = Fluorescence during the recording.

Frmin= Fluorescence in zero Ca2+

Frex = Fluorescence in saturating Caz+.

Assuming that Fninequals zero for fluo4 so that Frnax can be estimated from the resting [Ca24in in
RPE cells. This is assumed to be 153 £ 1.5 nM range (130 - 180 nM) based on measurements
from sub-cultured human foetal RPE cells (Kuriyama et al., 1991). Then substituting Fnin= 0 and

letting F = Fres (baseline) and solving for Frexthen equation 4.iii becomes equation 4,iv.

Fmax = FrestX [(Kd/ [ Ca Jrest) + 1] —4.iv

The change in [CaZfinbased upon the fluorescence increase above resting [Ca2 is then derived
by dividing equation 4.iii by Fred and substituting equation 4.iv for Fraxgiving the relative increase

in [Ca2]in- equation 4.v:
[Ca2qin= (Kdx R) / (Kd/ ([Ca2frest) - R+ 1)) - 4w

Kdis the dissociation constant for fluo-4 which is 345 nM and [CaZfret = 153 nM, R is the ratio of

baseline fluorescence compared to the fluorescence maximum (i.e. [(F-FO)/FQ].
After substitution equation, 4.v reduces to equation 4.vi.
[Cain=345 xR x (3.3- R) — 4.vi

These assumptions are valid provided that there is minimal bleaching of the dye during the scan.
This was achieved by using low laser power of < 10% and using responses that occurred in the
first two-minutes. From figure, 4.10 below the fall in fluorescence is approximately 10% over two
minutes. The indicator concentration was constant owing to the short experimental time. The
confocal microscope provides a uniform path length and the cell monolayer may be assumed to

be of uniform thickness (Cannell et al., 1994).
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4.3 Data Analysis

Fisher's exact test was used to determine the significance of the proportion of responses
between the CaZ+free and CaZ~containing buffers responses. A two-sided p-value was used
with a p=0.05 taken as the point probability at which the expected and observed results do not
differ. Calculations were performed using the Simple Interactive Statistical Analysis website at:

http://home.clara.net/sisa/index.htm
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4.4 Results

441 Immunocytochemistry

Staining with the P-gp specific antibody C219 revealed strong immunoreactivity in MDCK-MDR1
cells. Plasma membrane staining was evident (figure 4.2A). ARPE-19 cells were negative for P-
gp (figure 4.2D). However, h1RPE and D407 showed weak immunoreactivity (figures 4.2B and
4.2C respectively).

In addition to immunocytochemistry, reverse transcriptase polymerase chain reaction (RT-PCR)

and a functional assay were performed that also confirmed that ARPE-19 lacked functional P-gp

expression. See Constable et al., (2006b).

Figure 4.2 P-gp immunocytochemistry

A B

mt TUr <4y *A~A

Results of immunocytochemistry show strong staining in the positive control MDCK-MDR1 cell
(A). ARPE-19 cells (D) were negative whilst weak staining was evident with h1RPE and D407

cell (B and C respectively). Nuclei are counter stained with propidium iodide. Scale bars 20 pm.
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When the primary antibody was omitted there was no immunoreactivity. See figures 4.3 (A-D).

Figure 4.3 Negative Control for P-gp Immunocytochemistry

Negative controls in which the primary antibody was omitted were all negative indicating that the
secondary antibody did not cross-react with any epitope in these cell lines. Figure A (MDCK-
MDR1), B (h1RPE), C (D407) and D (ARPE-19). Nuclei are counter stained with propidium

iodide. Scale bars 20 pm.
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4.4.2 Calcimycin (A23187) and Epinephrine

A23187 was effective at increasing the [CaZ4in with a peak occurring at approximately five
minutes and an increase of the R-value by a factor 6 which represents the maximal saturated

response. These experiments confirmed that the both the recording protocol was capable of

visualising changes in [CazHin See figure 4.4.

Figure 4.4 A23187 Response

Response from an ARPE-19 cell when the buffer containing 2.5 pg/ml A23187 and 1.8 mM
CaCl2 was added at t=0 minutes. A23187 permeabalises the cell membrane permitting

extracellular Ca2 to enter the cell. When this occurs, there is a slow rise in fluorescence as the

CaZ2+binds to the fluo-4 probe.
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When 10 /M epinephrine was added to Ca2+ containing buffer several cells responded with
sharp elevations in [CaZinthrough the release of Ca2tfrom intracellular stores. Figure 4.5 shows
the mean + SEM R-values of 10 ARPE-19 cells responding to 10 pM epinephrine in Ca2+~
containing buffer.

Increase in baseline fluorescence when ARPE-19 cells are challenged with 10 gM epinephrine
(Epi) at the arrow. The mean increase in the baseline fluorescence ratio (R) is 0.5. Plot show
mean + SEM of ten sampled cells.
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4.4.3 Ethanol Responses in ARPE-19

Figure 4.6 shows transients observed in a group of cells responding to 250 mM ethanol in Ca2+-
containing buffer. The onset of each transient was between 17-27 seconds with a range of peak

R-values from 0.34 to 0.74. Mean responses from the cells are shown in the heavy line. (Ethanol
added at the arrow).

Figure 4.6 250 mM Ethanol

ARPE-19 250 mM Ethanol Responses

Transients observed in a group of cells in response to 250 mM ethanol in Ca2+ containing buffer
solution administered at t=15 seconds (E and arrow). The heavy line shows the mean response

of the seven cells whose individual traces are shown in the lighter lines.
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Figure 4.7 below shows the changes in fluorescence after 100 mM of ethanol in CaZ+containing
buffer was added to the ARPE-19 cells. Ethanol was added at the end of the first row at t=14
seconds. The lower half of the field shows an increase in fluorescence in the third and fourth row

that falls back to baseline in the fifth row. The response is over in approximately 40 seconds.

Figure 4.7 Intracellular Ca2+Transients in ARPE-19 cells (100 mM)

A time series of ARPE-19 cells responding to 100 mM ethanol in Ca2+containing buffer after it
was added at t=14 seconds. (End of the first row). In the third and fourth rows at the bottom of
each slide an increased fluorescent signal is apparent from some cells that commences at ~{=35
seconds and ends at - t=76 seconds when the fluorescence has returned to near baseline

levels.

In CaZ2+containing buffer with ethanol at doses of 25, 50, 100 and 250 mM increases in [CaZ24in
were present in a total of 7.9% (range 4.6 - 15.8%) cells that were analysed. Cells responded
within fifteen to ninety seconds following ethanol exposure and the transients lasted for no longer
than sixty seconds. Figure 4.8 (overleaf) shows isolated cell responses to 0, 25, 50, 100 and 250
mM ethanol. The transients are small and not as sharp at the lower doses. Distinct transient
elevations were observed at the higher doses. The onset of the transient varies in each cell and
is probably an artefact of the time for the ethanol to reach its target. No responses were
observed when buffer containing 0 mM ethanol was used from 28 sampled cells in three

independent trials.
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Figure 4.8 Ethanol (0 - 250 mM)

Time (Seconds)

Individual cell responses to ethanol (E) in Ca2t-containing buffer at t=15 seconds. The onset of
each response varies and is probably a result of the time for the ethanol to reach its target rather
than any physiological effect. Responses lasted no more than 60 seconds. The heavy line shows
the mean response of 28 cells (three independent trials) of Ca2+containing buffer changed at 15

seconds when the ethanol concentration was 0 mM.

Figure 4.9 (overleaf) shows the mean + SEM responses of 5 cells to 100 mM ethanol (E1) in
Ca2rcontaining buffer that was repeatable (E2) following washout of ethanol with Ca2-
containing buffer (B) which demonstrating that these responses were not due to solution

manipulation. The R-value increases ranged from 0.32 to 0.86 for the first peak and from 0.30 to

0.66 for the second peak.
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Figure 4.9 100 mM Ethanol Repeated Response

ARPE-19 and Ethanol 100 mM Repeated

When ethanol (100 mM) in CaZ+containing buffer to ARPE-19 cells at E1 an increase in
intracellular Ca2‘ was observed before returning towards baseline after sixty seconds. Following
wash out at (B) with CaZ+containing buffer a second dose of ethanol (100 mM) in Ca2+
containing buffer at E2 a second weaker transient was also evident. Trace shows mean + SEM

of five sampled cells.

When Ca2+free buffer was used with the maximal dose of 250 mM ethanol, no responses were
seen in any of the 139 cells sampled from 18 independent trials (figure 4.10 overleaf). The

exponential fall in fluorescence is consistent with bleaching of the fluo-4 indicator.
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Figure 4.10 Ca2+Free Responses (250 mM Ethanol)

When Ca2+ was removed from the extracellular buffer and 260 mM ethanol was present (arrow)

then no Cazt transients were observed from N=18 independent trials (139 cells). Mean + SEM of

the R-value is shown.

To assess whether this difference between the number of responding cells in the Ca2~free or
Ca2~containing buffer is significant for 250 mM ethanol a frequency table was drawn (Table 4.2).
Using Fisher’s exact test, the probability that zero responses from 139 sampled cells in Ca2+free
buffer with 250 mM ethanol compared with 12 responses from 261 sampled cells in Ca2~
containing buffer with 250 mM was p = 0.0054 and so the observations in the Ca2+~containing
buffer are significantly different to the expected observations in the CaZ+free buffer (Altman,

1999).

Table 4.2 Frequency of Responses in

Ca2+Free and Ca2~Containing Buffer

Responses No Responses Total
Ca2~free 0 139 139
Caztcontaining 12 249 273
Total 12 388 400

Frequency of responses in Ca2~free and Ca2t-containing buffer for 250 mM ethanol.
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To calculate the 95% confidence interval that the responses in the Ca2+~containing samples falls
outside the zero responses observed in the Ca2~free experiments the standard error of the two
proportions (p,) for CaZ+containing (12/273 =0.0440) and (p2) for Ca2~free (0/139 = 0.0) was

determined and is given by equation 4.vii.

Standard error (p! - p2 =V ((PiO-pi)/*) + ((pA1-p3/n2) — 4.vii
Where:

Pi = proportion of responding cells in CaZ+~containing = 0.0440.

p2 = proportion of responding cells in CaZ-free = 0.0.

n! = population size in Ca2~free = 273.

n2= population size in CaZ-containing = 139.

Solving equation 4.vii gives a standard error of 0.0124 and the difference between the

proportions is (p, - p2 = 0.0440.
The 95% confidence interval is given by equation 4.viii.
(Pi - P2 - 196 x (standard error) to (p! - p2 + 1.96 x (standard error) — 4.viii

Which gives a 95% confidence interval of 0.02 to 0.07 or that 95% of the mean proportion of
Ca2+containing responses fall between 2% and 7% and therefore if a response was present
from the Ca2+free experiments then the proportion of responding cells would fall between this
range (p<0.05). The zero percentage of responses in the Ca2~free buffer lies outside this 95%

confidence range of this observation occurring by chance alone.

Table 4.3 overleaf lists the number of trials and the percentage of responding cells observed
from the number of sampled cells in a field. Each field had at least thirty cells of which typically

five to ten were sampled. Note in the Ca2+free experiments no cells responded from 139

samples.
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Table 4.3 Summary of Ethanol Responses

Ethanol Number of % Responding Sampled Mean R+ SEM |

Concentration (mM) Trials Cells Cells Response
Cazt+free 250 18 0 139 0

0 with Caz+ 3 0 28 0

25 with Caz+ 2 16 19 0.30 £ 0.03
50 with Ca2 4 12 25 0.55 £ 0.02
100 with Ca2* 15 16 109 0.56 £0.07
250 with Ca2 32 5 261 0.72 £ 0.08

Summary of [CaZin experiments with ARPE-19 cells. The table illustrates the number of
independent trials and percentage of cells responding with a change in baseline fluorescence of
> 26% from the total of cells sampled. Mean + SEM of the responses are shown. The number of
cells responding in Ca2t-containing buffer compared with Ca2+free buffer with 250 mM is

significant (p = 0.0054).

Figure 4.11 (overleaf) shows the mean + SEM of three responding cells to 50 mM ethanol and
the effects of 1"M nifedipine. All solutions are in Ca2~containing buffer. Ethanol (50 mM) was
added at fifteen seconds (ES50). A rise in the baseline fluorescence was evident with an R-value
of 0.3 that lasted for sixty seconds. Following this the Ca2+containing buffer was replaced (B1)
for thirty seconds then buffer containing 1 pM nifedipine with 0.01% DMSO was added (Nif 1 pM)
for thirty seconds before being replaced with control buffer (B2) to remove the DMSO. Following
a further thirty seconds, the cells were challenged with 100 mM ethanol (E100) but no responses
were evident. In contrast, figure 4.9 showed that repeated application of ethanol at 100 mM after

a wash out did not abolish the response in the absence of nifedipine.

134



Figure 4.11 Nifedipine and Ethanol Responses

0 30 60 90 120 150 180 210 240 270 300 330 360
Time (Seconds)

Ethanol response to 100 mM (E100) ethanol following pre-treatment with 1pM nifedipine (Nif 1
pM) abolished the previous responses obtained with 50 mM ethanol (E50). Trace shows mean *
SEM of three cells’ responses with washes indicated where the chamber solution was aspirated

(B1 and B2) and replaced with CaZ2+containing buffer.
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4.5 Estimation of [Ca2{in

Table 4.4 below gives the estimated change in [CaZqin above baseline for the doses of ethanol.
The values range from 365 nM to 906 nM and are estimated from the maximum R-value at each

concentration used.

Table 4.4 Intracellular [Ca2H Calculations

[Ca2§ maximum (nM)

Concentration of Ethanol (mM)
[Ca2fj(re= 345 x Rx (3.3 - R)

25 365
50 529
100 879
250 906
Epinephrine (10 pM) mean of N=10 cells 483

Estimation of [CaZ]in in the cytosol following ethanol and epinephrine application to ARPE-19
cells. Figures based upon the assumption that resting [Ca2{ = 150 nM and the Kd of fluo-4 is 345
nM. Calculations based on the derived formula: [Ca2lree = 345 x Rx (3.3- R).
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4.6 Discussion

The main purpose of the initial study into P-gp expression was to eliminate the cell line that
would be least appropriate for work with intracellular fluorescent indicators. This was because the
anionic nature of the AM ester makes these probes a substrate for P-gp (Homolya et al., 1993).
ARPE-19 was deemed to be the most appropriate cell line to use given that it lacks functional

expression of P-gp (Constable et al., 2006b).

ARPE-19 exhibited a rise in [CaZ24jn in response to ethanol. This finding adds some support to
the suggestion that the alcohol-EOG (as with the light-EOG) is dependent upon Ca2+signalling.
An unexpected finding was that alcohol apparently acts by increasing inward Ca2+flux although
this is consistent with recent findings regarding the origins of the sustained Ca2+signal being
generated by the L-type Ca2+channels (Strauss and Rosenthal, 2005; Rosenthal et al., 2006).

Initial results with the Ca2+ ionophore, A23187 indicated that the experimental apparatus was
capable of detecting changes in [Ca24in Epinephrine has been widely used to evoke changes in
RPE membrane voltage and fluid transport in bovine and human RPE (Edelman and Miller,
1991; Quinn et al, 2001; Rymer et al, 2001). In bovine RPE mounted in Ussing chambers
loaded with flura-2 and 0.1 j M epinephrine caused a 60% increase in baseline [Ca2qinwhich was
similar to the results obtained with ARPE-19 cells and 10 j M epinephrine in this study. This
would indicate that the cells grown under the conditions were viable and expressed adrenergic

receptors and the G-protein coupled signalling pathway required to release Ca2+rom the ER.

The changes in [CaZ]in following ethanol in CaZ+containing buffer ranged from 365 - 906 nM
which are in the range of other modulators of [CaZ2fin previously reported. For instance, ATP
stimulation of cultured human RPE cells increases [Ca2{in by 500 nM (Collison et al., 2005),
neuropeptides by 600 nM (Kuriyama et al, 1992) and the synthetic purinergic agonist
(INS37217) by 200 nM in bovine RPE (Mitchell, 2001). The calculated change in [Ca24in of 483
nM with 10 ;M epinephrine is also consistent with those reported for bovine RPE using 0.1 /jm
(300 - 400 nM) (Rymer et al., 2001). These values indicate that the changes in [Ca2{in were in
the physiological range and not the result of ethanol induced cell damage. This would have

produced a broader response with a slower recovery to baseline (Allansson et al., 2001).

The lack of a high number of responding cells is not uncommon in intracellular Ca2+studies. Two
similar investigations into the acute action of ethanol to alter [CaZ4in in cell culture also found
some variability in responses. In rat hypothalamic cells Simasko et al, (1999) reported that
responses were present in 65% of cells with 1770 mM ethanol. However, in rat astrocytes
Allansson et al., (2001) found significantly fewer responding cells with the following doses: 25
mM (0%), 50 mM (3%), 100 mM (4%) and 150 mM (1%) which are similar to the percentage of
responding cells in this study.
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It is likely that only a subset of cells in the culture were capable of responding fully to ethanol.
The culture conditions for ARPE-19 are important in determining the phenotype. Substrate, time
in culture, medium and the cell line’s particular history all influence the final phenotype observed
(Tian et at, 2004; Luo et at, 2006).These factors may have contributed to the small clusters of
cells that responded. The ability of ARPE-19 to form a confluent monolayer with tight intercellular
junctions is difficult to establish owing to the diversity of junctional proteins expressed by these
cells (Luo et at, 2006). It is more likely that the cells in culture were not fully polarised and
therefore the distribution of the ethanol receptor may have been dispersed throughout the
plasma membrane so that in only some cases a response was possible. The culture method
used was designed to improve the barrier properties of ARPE-19 and is reported to produce a
polarised monolayer (Dunn et at, 1998; Reigada and Mitchell, 2005). However, the more findings
of Luo et at,, (2006) would suggest that a well established monolayer is difficult to obtain with this

cell line.

One further limitation was imposed by the design of the experiment meant that ethanol could
only be added to the apical surface because the ARPE-19 cells grown on glass cover slips. The
prediction would be, despite the lipophillic nature of ethanol that the main target for ethanol
would be on the basolateral surface of the RPE given the low concentrations required to attain
this response in man (Arden and Wolf, 2000b; Wolf and Arden, 2004). The lowered working
temperature may have also reduced the number of responses that would be expected
physiologically. However, a reduced working temperature was desirable to minimise any further

loss of fluo4-AM by organic anionic transporters (Mangini et at., 1997).

The alcohol-EOG peaks before maximal breath alcohol and is considered to be a first pass
response (Arden and Wolf, 2000b; Marmor and Wu, 2005). Wolf and Arden (2004) modelled the
blood serum concentrations based upon a two compartment model of absorption and elimination
studied in fasting and non-fasting humans (Welling et at., 1977). The equations derived estimate
the blood alcohol concentrations in the range of 0.001 mM to 0.1 mM for oral doses of alcohol in
fasting subjects of 5 mg/kg to 226 mg/kg. Therefore, the doses used in these experiments are
considerably higher than those that would be expected to generate the alcohol-EOG in man
(Wolf and Arden, 2004).

However, ethanol concentrations required to alter [CaZfin via Ca2+ channels have also been
investigated in a number of different preparations with few eliciting responses in the physiological
range. In bovine preparations maintained at 37"C the concentration of ethanol required to alter
the TEP was also significantly higher than in man. Pautler (1994) used 0.5% ethanol applied to
the apical side, and Bialek et at, (1996) used 0.1% and so the increased dose required for cells
maintained at room temperature is not unexpected. The concentrations used in the experiments
with ARPE-19 were consistent with similar investigations involving ethanol and intracellular Ca2+

signalling. (See table 8.1).
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The principal finding that the Ca2+transients were only present when extracellular Ca2+ was
present excludes the intracellular stores as the source of Ca2- No responses were present when
Ca2+ was removed from the extracellular buffer so this means that the likely candidate for the
CaZ+entry is through a voltage gated Ca2+ channel. The most likely candidate would be the L-
type Ca2tchannel given its role in generating the light-EOG (Marmorstein ef at., 2006).

A possible scenario to describe the way in which the light-rise is initiated and sustained would
involve a positive feedback between intracellular Ca2+and CI" efflux. The assumption is that ATP
is the light-rise substance and whether the source is from the rods or the RPE is immaterial at
this point. However, the binding of ATP to the apical purinergic receptor initiates a transient
increase in [Cajjn from the ER. This rise in cytosolic free Ca2t is then able to gate open the
basolateral CaCC which increases basolateral CP conductance and depolarises v Basai- The
stimulated increase in [CaZinis reduced by the NCX and re-uptake by the ER, PMCA pumps
and bestrophin (Kennedy and Mangini, 1996; Mangini et at, 1997; Marmorstein et at,, 2006). The
depolarisation of vBasai would increase the open probability of the L-type CaZ+channel and permit
a sustained slow entry of Caz+ into the RPE. This gradual secondary increase in [Ca2{in then
drives an increasing basolateral CP conductance as the open probability of the L-type Ca2+
channel increases with increasing membrane depolarisation. Ultimately the cycle is halted when
the basal membrane depolarises to a point to that the L-type Ca2+ channel's conductance
decreases again. It can be seen that the |-V curve of the L-type Ca2+channel closely resembles
that of the EOG with a bell shaped i-v relationship that is similar to the light-rise of the EOG. See
figure 1.3 in section 1.7. The role of bestrophin (hBestl) or one of the homologues such as
hBest2 has not been fully determined and so how bestrophin would modulate this model is
unknown (Marmorstein et at, 2006). The absence of bestrophin (hBestl) results in an elevation
of [Ca2]infollowing ATP stimulation and it may be that bestrophin, in addition to modulating the
L-type Ca2+channel activation kinetics also decreases either the re-uptake of Ca2+into the ER or
inhibits the NCX or PMCA pump to slow the extrusion of Ca2+

One possible route by which ethanol could be elevating [CaZHin is by acting upon a chloride
channel that then depolarises the membrane so that this initiates an entry of Ca2+through the L-
type Ca2+ channel. The most likely channel would be the CaCC which is found in native human
RPE (Ueda and Steinberg, 1994; Quinn et at, 2001). However, ethanol at 25-100 mM has been
shown to inhibit the endogenous CaCC currents in Xenopus oocytes (Clayton and Woodward,
2000). CFTR could also be a target but patch a patch clamp study has shown that ethanol does
not increase CFTR chloride conductance (Marcet et at, 2004).The most likely candidate is
therefore the L-type Caz+ channel on which ethanol acts to elevate [CaZ4in and initiate the
membrane depolarisation through the CaCC rather than requiring the putative light-rise

substance (ATP) to do so through release of Ca2+from the ER.

L-type Ca2+ channels are found in rat, freshly isolated monkey, adult human and foetal cells that
show slow inward Ca2+currents as the membrane depolarises (Ueda and Steinberg, 1993, 1995;

Strauss and Wienrich, 1994). However, the transient nature of the CaZ+transients recorded in
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this study do not resemble the long slow sustained influx of Ca2+associated with the L-type Ca2+
channels (Strauss et at, 1999; Xu et at, 2004, Marmorstein et at, 2006). Several factors have
been identified that modulate the expression of L-type Ca2+or voltage gated Ca2+ channels. The
substrate of cultured rat RPE cells alters the type of L-type Ca2+ channels expressed. Cells
grown on laminin or collagen type IV express the high voltage activated (HVA) L-type and low
voltage activated (LVA) T-type Ca2Z+ currents (Strauss and Wienrich, 1994). Given that the Ca2+
current through the L-type Ca2+ channel is voltage dependent the lack of a sustained influx of
Caz may have been due to a lack of adequate depolarisation of the ARPE-19 ceil following
inward Ca2+ flux. The dependence of membrane depolarisation would rely upon a CaCC to
provide the outward depolarising chloride current. The potential lack of polarity may have meant

that the membrane was unable to depolarise sufficiently to maintain the inward Ca2+flux.

Furthermore, differences in the expression of the L-type CaZ+ channel subunits have been
reported. The L-type Ca2+channels are composed of the a-subunit which forms the pore and two
accessory protein subunits, the p and a-5-subunits that are involved with anchoring the ar
subunit to the plasma membrane. One report has identified that ARPE-19 cells do not express
the a3 complex and the same p-subunit as human RPE which may have altered the stability of
the channel forming a-subunit pore in the membrane. The a-subunit in both ARPE-19 and the
cultured RPE cells also differed slightly (Wimmers et at, 2004). This may be important as the a-
subunit is responsible for the binding of inhibitors and agonists to the L-type Ca2+ channel and
may alter the activation and inactivation kinetics of this channel (Tang et at, 1993; Adams and
Tanabe, 1997).

The maintenance of the sustained Ca2t current from L-type Ca2+ channels also depends upon
phosphorylation of the ar subunit. In typical whole cell patch recordings to obtain the sustained
Caz+ current the pipette solution is supplemented with ATP to obtain such recordings (Ueda and
Steinberg, 1993; Strauss et at, 2000). The ARPE-19 cells, having been maintained in buffer
solution at room temperature for one hour and then incubated at 37°C for a further hour may
have been depleted of ATP and therefore the regulation of these CaZ2+transients observed

differed to those recorded under more physiological conditions.

L-type Ca2+ channels are also regulated by protein tyrosine kinases and activate CP currents in
rat RPE cells (Strauss ef at, 1997, 1999). Tyrosine kinases regulate L-type CaZ+ channels
through phosphorylation and are regulated by growth factors such as bFGF (Mergler et at.,
1998). It is possible that ethanol could activate tyrosine kinases as ethanol is known to alter gene
expression and levels of growth factors. Ethanol inhibits fibroblast growth factor (FGF) in low
doses and may play a role in ethanol’s reported protective role in heart disease by reducing
smooth muscle cell growth in arteries (Ghiselli et at.,, 2003). Similar protective mediated roles for
ethanol are ascribed to its role in up-regulating VEGF in the heart in low doses (Gu et at,, 2001).
Receptors for other growth factors such as bFGF and PDGF could have also been a target for
ethanol (Kuriyama et at, 1991). However, these changes were due to the generation of PKC and

release of Ca2+from intracellular stores and therefore these receptors are unlikely to be the site
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of action of ethanol given the Ca2tsignal was absent when Ca2+free buffer was used as the

extracellular buffer.

There is evidence that ethanol alters the properties of L-type CaZ+ channels in the CNS,
especially following chronic exposure. L-type Ca2+channels have been shown to be responsible
for bradycardia associated with alcohol-withdrawal (Kahkonen and Bondarenko, 2004). L-type
Ca2+channels are up-regulated in the PC12 cell line with prolonged ethanol exposure of ethanol
that involves an increased activity of PKC5 (Gerstin Jr et at., 1998; Walter et at., 2000). The PC12
cell line is a neuronal model that was derived from a rat pheochromocytoma (tumour) (Greene
and Tischler, 1976). It is believed that ethanol increases the levels of PKC5 that then modulates
gene transcription for the L-type Ca2+channel ar subunit thereby increasing the number of L-type

Ca2tchannels in response to chronic ethanol consumption.

L-type Ca2tchannel currents can be either increased or inhibited by ethanol depending upon the
cell type and concentration of ethanol used. Acute ethanol exposure inhibits L-type Ca2+ currents
in neurons (Wang et at, 1994) and PC12 cells (Mullikin-Kilpatrick and Treistman, 1994). Similarly
ethanol also inhibits L-type Ca2+ currents in cardio vein myocytes (Chen et at, 2004) and
pinealocytes (Chik et at., 1992).

However, ethanol can also increase L-type Ca2+ currents in rat hypothalamic cells following
acute exposure to ethanol at a dose of 1-250 mM (Simasko et at, 1999). This study also found
that the majority of the responses were present only when Ca2+was present in the extracellular
buffer. The authors also showed that ethanol could increase [CaZ2]in via other members of the
voltage gated Ca2+ channels (P, Q. T and N). The dual action of ethanol to both increase and
decrease L-type Ca2+ currents has also been demonstrated in PC12 cells with an increases in
[Cainreported at doses less than 120 mM and an inhibitory effect on [Ca2{inat doses in the
range of 120-160 mM (Belia et at, 1995). Ethanol at very high dose (400 mM) has also been
shown to elevate [CaZ4in by 150 nM with 100 mM ethanol having no effect on [Ca2'Imin PC12
cells (Rabe and Weight, 1987).

It seems likely that ethanol can increase and decrease CaZ+ transients in voltage gated Ca2+
channels and exerts a dual regulation over these channels by altering intracellular [Ca24
(Simasko et at, 1999). However, in this study it was not possible to demonstrate conclusively
that ethanol was modulating a voltage gated Ca2+channel. The presumption that this is the case
rests with the finding that no Ca2+ transients were observed in Ca2+free medium which would
exclude the source of Ca2+from the intracellular stores. Secondly the localisation of the L-type
Ca2+ channel with presumably bestrophin in the basal membrane would mean that it is ideally
suited as a ligand for ethanol. It should be remembered that the concentrations in which ethanol
inhibits the L-type Ca2t currents are much higher than the sub-millimolar range predicted to
evoke the alcohol-EOG in man. It could therefore be that at such low concentrations ethanol is

an agonist and at high/chronic levels ethanol is an antagonist of the L-type Ca2+ channel. The
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result showing that nifedipine abolished the action of ethanol in ARPE-19 cells lends some

support to this conclusion although further studies are required.

It is possible that an alternative pathway for Ca2+ exists in ARPE-19 cells but our knowledge of
Ca2+ currents in the RPE is limited and mainly consists of pumps or transporters that remove
Ca2+from the cytosol such as the NCX and PMCA (Kennedy and Mangini, 1996; Mangini et at.
1997). However, ethanol at high and chronic levels can inhibit the NCX in brain and this effect if
also true at acute levels may result in an elevation of intracellular Ca2+ as the exchange rate

decreases (Michaelis et at, 1987).

4.6.1 Summary

The in-vitro data presented in this section showed that ethanol was capable of directly increasing
[Caz]in in ARPE-19 and that the source of Ca2t was extracellular. These responses were
repeatable and consistently returned to baseline levels. Although the concentrations used were
not in the physiologically range thought to generate the alcohol-EOG, these results indicate that
ethanol can act directly upon an adult derived human RPE cell line to elevate intracellular Ca2+
The proposal is that this is by activation of the L-type Ca2+ channel owing to its location and

involvement in generating the light-EOG and the similarity between the alcohol- and light-EOGs.
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5 The Electro-Oculogram in Cystic

Fibrosis
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5.1 Introduction

The main aim of this study was to determine whether CFTR was involved in generating the
alcohol-EOG. CF is an autosomal recessive inherited disease in which lung function is primarily
affected. The gene involved, CFTR, encodes for the cystic fibrosis transmembrane conductance
regulator chloride channel (Li et al, 1988; Riordan et al, 1989; Rommens et al., 1989). The most
prevalent Caucasian mutation results in the deletion of phenylalanine at position 508 (A508) and
thereby renders CFTR incapable of reaching the plasma membrane (Kerem et al., 1989; Riordan
et al, 1989; Lemna et al, 1990; Gregory et al., 1991; Puchelle et al., 1992). Heterozygotes for
A508 are also affected, though typically mildly. However, the genotype is not always correlated to
the severity of the phenotype (Sermet-Gaudelus et al., 2002; Rowntree and Harris, 2003). CFTR
gating requires ATP binding and hydrolysis and is also regulated by cAMP dependent PKA
phosphorylation (Rich et al., 1990; Anderson et al., 1991a, b; Welsh and Smith, 1993). CFTR is
not gated by changes in [CaZiinand therefore if, as the results on ARPE-19 cells implicate Ca2+

as the second messenger, then individuals with CF should have normal alcohol-EOG amplitudes.

CFTR has been identified in both the apical and basal membranes of foetal RPE sheets (Blaug
et al., 2003) and the corresponding mMRNA in adult human RPE and retina (Miller et al., 1992).
CFTR is also present in cultured RPE cells (Weng et al, 2002; Reigada and Mitchell, 2005) and
in canine RPE (Loewen et al, 2003). ARPE-19 cells display CFTR activity at the apical
membrane (Reigada and Mitchell, 2005) but immunocytochemical studies in native foetal RPE

sheets showed a predominantly basolateral localisation (Blaug et al., 2003).

CFTR is not the only cAMP gated chloride channel expressed in the RPE. Members of the
voltage gated CIC (Jentsch et al, 1990) chloride family of channels have also been identified. In
particular, CIC-2, CIC-3 and CIC-5 mRNA have been identified in cultured human RPE.
Immunocytochemistry localised CIC-3 and CIC-5 to the apical membrane and intracellular
compartments with no localisation determined for CIC-2 (Wills et al, 2000; Weng et al., 2002).
Their likely apical localisation may explain the loss of photoreceptor function in CIC-3 or CIC-2
deficient mice (Bosl et al., 2001; Stobrawa et al, 2001). The possible relationship of these
chloride channels to the EOG would depend upon them being localised to the basal membrane
as it is an increase in basolateral chloride current that generates the light-rise (Gallemore and

Steinberg, 1989) and presumably the alcohol-rise as well (Arden and Wolf, 2000b).

5.1.1 Electro-oculogram

In the standard model of the light-EOG and FO generation, bestrophin is believed to be the Ca2~
gated chloride channel responsible for the light-rise and CFTR is believed to be solely
responsible for the FO amplitudes. However, two important recent findings suggest an alternative

and more complex generation of both the FOs and the light-rise.

One is that bestrophin is responsible for modulating Ca2+ entry through an interaction with the L-

type Ca2+ channels as previously discussed in section 5.10.2 (Rosenthal et al, 2006).

144



Furthermore, the hBestl isoform inhibits the cytosolic Ca2+ transient when mouse RPE cells

were stimulated with ATP (Marmorstein et al., 2006).

The second relates to the generation of the FOs. In one study, using both CFTR null mice and
homozygous mice expressing the AS08 phenotype were examined. If CFTR was the sole
generator of the FOs then this response should have been absent in the null mice and reduced
or absent in the A508 strain. The light-EOGs should have been normal for both if, as has been
previously reported in abstract form in man that the FOs are reduced and the light-EOGs are
normal in CF (Miller et al, 1992; Lara et al., 2003). Flowever, the results were not as expected
with reductions in the light-rise observed, FOs and c-wave for the A508 homozygote strain. The
more pronounced finding was that the FOs were still present, though reduced, in the CFTR null
mice which indicated that CFTR was not the sole generator of the FOs. One proposed
explanation was that the lack of CFTR in the RPE would result in an increased Roesa that would
decrease the light-evoked responses. The authors proposed that the light-evoked responses
generated across the basal membrane are the result of a complex interaction between,
bestrophin, L-type Ca2+channels, CFTR and CaCC (Loewen etal., 2003; Wu et al., 2006).

5.1.2 CFTR Interactions with lonic Channels

CFTR has been implicated in the regulation of other ionic channels as well as the transport of
ATP and regulating pFl. Although our understanding of the functional role of CFTR in the RPE is
still developing (Blaug et al., 2003; Reigada and Mitchell, 2005; Wu et al., 2006). Flowever, the
widespread expression of CFTR in secretory epithelia has revealed several secondary regulatory

roles in conjunction with chloride transport (Kunzelmann, 2001).

1: Inhibition of the amiloride sensitive epithelial sodium channel (ENaC) is one possible
interaction of CFTR. ENaC has been identified in bovine RPE (Golestaneh et al., 2002) and
human ciliary epithelium (Rauz et al., 2003). ENaC typically acts to allow the passive entry of Na+
into the cell that is then pumped out by the NaKATPase pump. CFTR is believed to inhibit ENaC
thereby resulting in an excess of extracellular Na+ The early studies showed that CFTR inhibited
ENaC and resulted in an increased extracellular [Na+# that was characteristic of CF sweat and
lung mucosa (Boucher et al., 1986). Co-expression of CFTR with ENaC inhibited the Na+
currents by 24% (Ismailov et al, 1996) in airway epithelia. The inhibitory action is believed to be
due to a direct interaction between CFTR and ENaC (Schreiber et al, 1999). However, more
recent models and expression of ENaC in Xenopus have failed to demonstrate the inhibitory
action of CFTR on ENaC (Mall et al., 1996; Konig et al., 2002; Horisberger, 2003; Nagel et al.,
2005).

2: Activation of inward rectifying K+ (Kir) channels has also been demonstrated by cAMP
in the presence of functional CFTR (Loussouarn et al., 1996). The RPE has a large population of
mild inward rectifying K+ channels (Hughes and Takahira, 1998; Yang et al, 2003). Inward

rectifying channels typically maintain the membrane potential near to the reversal potential for K+
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and are therefore suited to regulating K+homeostasis. In the transition from dark to light the sub-
retinal K+decreases resulting in a hyperpolarisation of Vaica (Oakley I, 1977, 1983; Steinberg et
at, 1980; Hughes and Steinberg, 1990; Segawa and Hughes, 1994). This hyperpolarisation is
countered in part by the Kir channel increase in conductance and K+leaving the RPE (Shimura et
at, 2001; Yang et at, 2003). It may be possible that the RPE of CF sufferers would lack the
activation of Kir and this would result in a reduced capacity to regulate sub-retinal [K4 and
therefore result in impaired fluid regulation and oedematous retinopathy which is not

documented.

3: The regulation of an outward rectifying chloride current (ORCC) by CFTR is well
documented but the precise mechanism is still not fully resolved. ORCC are regulated by cAMP
and display increasing ClI" current out of the cell as the membrane depolarises or when the cell
volume increases (McCann et at.,, 1989; Worrell et at, 1989). ORCC currents are absent or small
at resting membrane potentials. ORCC currents have been recorded from cultured mouse RPE
cells but they were only present in ~ 10% of recordings and uncharacteristically they did not
respond to cell swelling or activation of intracellular signalling cascades (Wollmann et at, 2006).
The authors did not specify which intracellular signalling cascades they modulated and did not
present the data showing that in hyperosmotic extracellular buffer the ORCC were unaltered.
These findings differ to the traditional role of ORCC that regulate cell volume following cell

swelling such as those found in the ciliary epithelium (Chen et at., 1998).

CFTR was shown to correct the ORCC when it was expressed in bronchial epithelial cells that
lacked CFTR (Egan et at, 1992) and ORCC currents were also defective in CF nasal epithelia
(Gabriel et at, 1993). The activation of the ORCC by PKA and ATP only occurred in the
presence of CFTR in when these ion channels were co-expressed in planar lipid bilayers (Jovov
et at, 1995a, b). ATP transported by CFTR can also regulate ORCC currents via the purinergic
P2J receptor and this may be the interaction involved in ORCC regulation by CFTR (Schwiebert
et at, 1995). A lack of CFTR would therefore result in a decrease in the ORCC currents and
reduce the capacity of the RPE to regulate cell volume. However, given that the ORCC currents
recorded from the RPE were not always present and did not respond to alterations in the
intracellular signalling cascades then the regulation of CFTR on these channels cannot be

assumed to be true.

4: In hypotonic solutions, CFTR releases ATP into the extracellular compartment. ATP
can then bind to the purinergic receptor P2Y, which would then cause a rise in [Ca24in (Reisin et
at, 1994; Prat et at., 1996; Taylor et at., 1998; Walsh et at, 2000; Braunstein et at., 2004). In turn
this change of calcium would increase chloride fluxes, (Schwiebert et at, 1995). ATP release
from cells has not been universally supported by all investigators (Li et at, 1996; Reddy et at,
1996; Abraham et at, 1997; Grygorczyk and Hanrahan, 1997b) with the possibility that the ATP
released from the cell is a result of mechanical disruption of the plasma membrane during patch

formation (Grygorczyk and Hanrahan, 1997a). In transfected cells one study suggests that the
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amount of ATP released from CFTR is not sufficient to stimulate purinergic activation and that

P2¥2receptor activation down-regulates CFTR (Marcet eta/., 2003).

The aim is to determine the effect of CF on the alcohol-EOG and whether defective CFTR
results in an abnormal alcohol-rise. In using human participants with a known defect in the CFTR
gene we were able to avoid the problems inherent in cell culture and animal models which do not

perfectly replicate man.
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5.2 Methods

All participants provided written, informed consent in accordance with the protocol approved by
City University’s Senate Research and Ethics Committee and in agreement with the tenets of the
2rd declaration of Helsinki. The mean UK life expectancy for an individual with CF is
approximately 29 years and diabetes mellitus is a common complication. Sufferers require
medication, and the CF participants in the group were all taking prednisolone 5 mg 1 x day,
vitamin supplements, pancreatic enzymes, antibiotics and bronchodilators. One of the CF group
had received a lung transplant 18 months previously and was taking the following additional
medications: immunmosuppressives (azothioprine 125 mg 1 x day and ciclosporin 250 mg 2 x
day); anti-hypertensives (ramipril (ACE inhibitor) 10 mg 1 x day and doxazosin (a,-agonist) 16
mg 1 x day). This individual was not included in the statistical analysis owing to the potential
interactions of the medications with the RPE (Lopez-Jimenez et al., 1997; Garweg et at, 2006).
However, this individual’s responses are shown in the figures and are labelled ‘lung transplant’.
Another of the CF participants was an insulin-dependent diabetic and was taking furosemide 40
mg 1 x day and warfarin 6 mg 1 x day. Elevated blood glucose levels have been shown to
increase the amplitude of the FOs and therefore this participant took his blood glucose levels at
just before performing the FOs (Schneck et al., 2000). The blood glucose levels were normal at

6.0 mmol/l.

Participants were contacted via the United Kingdom CF trust website. All CF volunteers were
Caucasians attending specialist CF clinics within the UK, and referred by their consultant
physicians. Their genotypes had been assessed for the expression of the 33 known mutations
associated with CF. Of the six CF participants, three were homozygous for A508 and three were
heterozygous for A508 with one other unidentified mutation in the CFTR gene. The two female
homozygotes ages (A508/A508) were 18 and 20 years. The male A508 homozygote that was
post lung transplant was excluded because of his medications. In the all-male heterozygous
group (A508/?), the ages ranged from 37 - 43 years. The mean age of the CF group was 32 with
a SD of £ 11 (N=5). The older age of the heterozygous group may reflect the difference in the

severity of these two genotypes.

A control group of normal participants was recruited. The control groups for the tests were not
identical with some participants declining either to have mydriasis or to drink alcohol. The mean
age for the light-EOG was 41 with a SD of £ 12 (N=6) and ranged from 21 - 54 years with five
males and one female. For the alcohol-EOG the mean age was 44 with a SD of + 8 (N=6) and
ranged from 34 - 54 years with four males and two females. For the FOs the mean age was 34
with a SD of £ 11 (N=9) and ranged from 20 - 54 years with seven males and two females. There
was no significant difference in age between groups for the light-EOG (p=0.2063), FOs
(p=0.6834) and alcohol-EOG (p=0.0789). Binocular motility, colour vision and visual acuity were

normal for all subjects. All tests were performed on the same day for each participant.
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5.21 Electrophysiology

The participants were asked to fast overnight for at least ten hours. Two dim red light-emitting
diodes that subtended 30" to the observer were mounted on a uniform white wall. The ceiling and
side walls were also illuminated and this provided (approximately) full field illumination. The skin
was cleaned and 5 mm diameter gold electrodes with conductive jelly were taped to the skin near
the outer canthi of each eye and one reference electrode placed on the forehead (impedance
was 3 - 5 kQ). Electrodes were connected to a digital Keithley 2700 series analogue/digital
voltmeter (Keithley) and voltages were sampled every 240 msec whilst the subject executed

horizontal saccades at 1 Hz (maintained with the aid of a metronome).

For the alcohol- and light-EOGs, the subjects performed saccades for 10-second intervals when
instructed. A period of 26 minutes was allowed for dark adaptation (<0.01 cd/m2) before either
the light (100 cd/m2) was turned on or alcohol was drunk in order to generate either the light- or
alcohol-EOGs respectively. The alcohol was whisky, diluted with water to 7% ethanol at a dose
of 110 mg/kg body weight. Recordings were continued for a further 34 minutes. Pupils were
dilated with 0.5% tropicamide to at least 7 mm diameter for the light-EOG and FOs only. For the
FOs illumination was alternated at one-minute intervals between light and dark with recordings

made continuously for ten minutes.

The recordings and measurements of the EOGs deviated from the 1993 International Society for
Clinical Electrophysiology of Vision (ISCEV) standard (Marmor and Zrenner, 1993) in the
following ways. The pre-adaptation time was longer than the ISCEV standard for the EOGs so
that a baseline could be established (Arden and Wolf, 2000a, b; Arden et at., 2000; Arden and
Wolf, 2003). The recording of only four oscillations in the FOs was lower than the ISCEV
standard recommendations of six but four has been reported to be adequate and it also reduces
the test time (Vaegan and Beaumont, 2005). A full Ganzfeld illumination was not used and the

recordings were made bitemporally rather than monoculary.

5.2.2 Data Collection and Analysis

The voltmeter was connected via an interface card to a personal computer and voltage
difference between each canthal electrode recorded in a spreadsheet with ExceLinx™ (Keithley).
The modulus of the voltage difference (vn) between successive recordings was taken (equation
5.0).

Potential = | (v - vn) | — 5.
Where:

Potential = bi-temporal standing potential.

vnH = Instantaneous (n + 1)t bi-temporal voltage.

vn= Instantaneous nhbi-temporal voltage.
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Most of these voltage differences were very small, because in the (n+1)th and nlh episodes, the
eyes did not move. However, in some instances they were large, because the eyes repositioned
between the two samples. By taking the modulus of the voltages both positive and negative
voltage differences were treated identically so that the signal was the same for lateral and medial
eye movements. Figure 5.1 shows the actual results with a square wave representing the
horizontal eye movements. The portion of the trace is from a FO recording between the dark and
light phases. The bi-temporal potential approximates the ocular standing potential and is
represented by the amplitude of the square wave (marked by ‘A’ in figure 5.1). There was some
voltage drift between the electrodes, however we were concerned only with the absolute
instantaneous difference between the canthal electrodes and so the actual electrode offset was

immaterial.

Figure 5.1 Raw Bi-Temporal Trace

Time (Seconds)

Trace of the bi-temporal potential over time during a recording of the fast oscillations. In order to
calculate the amplitude of the standing potential the absolute difference between consecutive

data points were calculated and replotted.

5.2.2.1 Calculation of EOG Parameters

The transformed data when plotted describes a curve whose upper boundary represents the
change in the ocular standing potential over time in light and dark and in response to alcohol.

Figure 5.2 shows the data that represents the alcohol-EOG.

The EOG is typically described in terms of the Arden ratio which represents the light-peak
maximum to the dark-trough minimum preceding light onset (Arden and Barrada, 1962; Marmor
and Zrenner, 1993). In this study, the EOG voltages were treated differently and three
components of the light- and alcohol-EOGs were analysed. Figure 5.2 shows the transformed

data from the bi-temporal voltages recorded for the alcohol-EOG. The maximal values at each
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time point along the upper limit of the curve were taken as the ocular standing potential at that
time. The figure shows that in dark the bi-temporal potential falls and following alcohol at t=26.5

minutes there is a rise in the potential (the alcohol-rise) followed by a second trough.

Figure 5.2 Transformed Data for Alcohol-EOG

Alcohol-EOG Transformed
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Time (Minutes)

The figure shows the transformed data (equation 5.i) recorded as the bi-temporal potential of a
54 year-old male control ingesting 110 mg/kg of alcohol at 26.5 minutes (arrow labelled E). In the
dark, the bi-temporal voltage falls to a dark-trough’ minimum. After ingestion if alcohol there is a
rise, the alcohol-rise that peaks approximately ten minutes later. Subsequently the bi-temporal
voltage fails to a second trough minimum. The outline of the curve describes the alcohol-EOG.
Values were taken at each time point along the upper limit of the waveform as the bi-temporal
voltage.

The EOG voltages were normalised to the ten-minute pre-stimulus baseline voltages. In
equation 5.ii the normalised potential (XN was equal to the potential at time (T) denoted (XT)
divided by the mean of the measurements made in the 10 minutes prior to the stimulus. These
recordings were made at T= 16, 18, 20, 21, 22, 23, 24, 25 and 26 minutes into the pre-adaptation

dark period. Light or alcohol was then given at 26.5 minutes.

Xn = Xt /(Mean Xj (i6,18,20, 21,22, 23, 24, 25,26)) — 5.

Where:

XN= Normalised voltage at time T.

XT = bi-temporal voltage at time T.

Mean (XT(is...s) = Mean baseline bi-temporal voltage at T = 16th,18th,20th,
21th,22th 23th 24th, 25th and the 26, hminute.
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Subsequently the normalised voltages were smoothed further by weighting each value with 50%

of the preceding and the following normalised voltage (equation 5.iii).

Smoothed Voltage = [XNt (0.5 x X)) / (XT+ (0.5 x XN+)] x 0.5 — 5.iii
Where:

XN= the normalised voltage at time T (from equation 5.ii).

XNH = the normalised voltage value after XN

Xm! =the normalised voltage value preceding XN

The baseline-normalised voltages were not identical between the CF and the control groups. To
correct for this so that the amplitudes of the responses could be compared to an identical
baseline the following correction was used. The ratio of the normalised voltages from all subjects
in the 10 minute interval preceding the stimulus for the CF group to the same values of the

control group were taken.

For the light-EOG the values were for CF = 0.9804 and for the control = 1.0196 and the
correction factor was 0.9804/1.0196 = 0.9616. This correction to the baseline was then multiplied
through all the normalised voltages for the control group. The corresponding baseline correction

factor for the alcohol-EOG was 1.0449.

Figure 5.3 (overleaf) shows a typical light-EOG after transformation and normalisation of the bi-
temporal potential. Three parameters were then used to analyse the EOGs between the CF and

control group.

1: The time to peak or implicit time of the response from stimulus to the peak voltage.
2: The normalised peak voltage or amplitude of the EOG.

3: The ratio of the peak normalised voltage to the second trough minimum voltage.
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Figure 5.3 Electro-Oculogram Parameters
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Parameters recorded fro the EOGs included the latency or time from stimulus (either light or
alcohol) to the peak voltage. The EOG amplitude was the ratio of the peak voltage to the
normalised baseline voltage at t=0 (stimulus onset). The third parameter was the ratio of the
peak voltage to the trough minimum voltage after the fall from either light or alcohol and is

termed the Ssecond trough’.

The three EOG parameters recorded were the amplitude of the peak-normalised voltage to the
baseline. The latency or implicit time was the interval from stimulus to the peak normalised
voltage. The ratio of the peak voltage to the second trough minimum was also recorded. Figure

above shows a typical light-EOG recording from a control participant.

5.2.2.2 Calculation of FO Parameters

In the FO the peak voltage occurs In the dark cycle and the minimum occurs in the light cycle so
the peak to trough ratio represents the dark-rise maximum : light-trough minimum (DR:LT). The
times from dark-rise peak to light-trough minimum were also recorded as the latency of the
response. The methods for analysing the FO parameters vary between authors but published
values for the DRILT ratios are listed in table 5.1 (overleaf) with normal values ranging from

approximately 1.1 to 1.3.
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Table 5.1 Published DR:LT ratios

Author

Mergaerts et al., (2001)
Miller et al., (1992)
Weleber, (1989)
Schneck et at., (2000)

DR:LT Ratio
Mean = SD

1.13 £ 0.01
1.26 £ 0.09
122 £ 0.15
1.20 £0.03

Luminance
(cd/m2
51 250
15 —
8 70
9 30

Reported values of the DR:LT ratio for the fast oscillations in man.

Figure 5.4 overleaf shows the transformed data (equation 5.i) of a FO from a CF participant
(A508/A508). The outline of the transformed data represents the FOs that rise in the dark (black
bars) and fall in the light intervals. Recordings were made continuously for ten minutes with each
light-dark cycle lasting ten minutes. Values that lay away from the curve were ignored like those
in the intervals (180-240) and (420-480) seconds. These were either caused by blinks or in the
case with the CF group occasional coughing. A cursor was placed at the dark-rise maximum and
the subsequent light-trough minimum as shown in figure 5.4. The ratio of the bi-temporal voltage

at the dark-rise maximum to the light-trough minimum was then taken as the DRILT ratio. The

Stimulus
Duration

(Seconds)

60

75
60

time interval between the maximum and minimum values was taken as the latency.
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Figure 5.4 Fast Oscillation Transformed Data

0 60 120 130 240 300 360 420 480 540 600
Time (Seconds)

When the differences between successive voltage recordings are made the amplitude of the
standing potential is seen to alternate with light and dark (black horizontal bars). Most voltage
differences are near to zero, because the eyes were stationary. The extremes represent the
FOG voltage change due to the saccades. The ratio of the dark-rise peak : light-trough minimum
(DFTLT) represented by the arrow labelled A and the time from peak to trough represented by
arrow B were recorded for each individual. Four measurements were taken from each trace for
each parameter. The grey crosses in this figure are approximately placed at the values of the
dark-rise and light-frough maximums and minimums. To give an indication of the oscillatory

waveform a dark dotted line is also shown that follows the upper boundary of the recordings.

5.2.3 Data Analysis

The results are expressed as mean + standard deviation (SD) unless otherwise stated. Test for
equal variance was used (F-test) for all parameters. In this series the DR:LT ratios of the FOs did
not have equal variance using the F-distribution (p<0.0001). Therefore, this data set was divided
into the homozygote and heterozygous groups and a one-way Analysis of Variance (ANOVA)
performed with p<0.05 as significant using Minitab™ ver 13.32 (Coventry, UK) software. The
remaining data were evaluated for a significant difference between means using the Student’s
unpaired two-tailed t-test. A p-value of <0.05 was taken as statistically significant. A least
squares linear regression analysis was performed on the DRILT ratio and FO latency using

Minitab™ software. All other calculations were performed in Excel™.
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5.3 Results

5.3.1 Cystic Fibrosis Alcohol- and Light-EOGs

There was no difference in the amplitude of the alcohol-EOG between the CF group and the
controls (figure 5.5). The amplitudes were 1.62 + 0.16 (N=6) controls and 1.67 + 0.07 (N=5) for
the CF group (p=0.8533). The times to peak were: for the controls 9.0 + 1.4 minutes and for the
CF group 7.4 + 0.9 minutes (p=0.0570) which was 1.6 minutes faster. The one CF individual with
an abnormal alcohol-response was receiving immunosuppressive therapy and is also shown but

the data were not included in the statistical analysis. This individual's data are labelled as ‘CF

lung transplant’.

Figure 5.5 Alcohol-EOG in Cystic Fibrosis

The alcohol-EOG responses to 110 mg/kg of oral alcohol at t=0. The time to peak was
significantly faster (p=0.0504) but the amplitudes are similar. One individual who had received a
lung transplant showed an abnormal alcohol response which may have been due fo an

interaction with his systemic medications. Plot shows mean + SEM.

The amplitude of the light-rise was not significantly different (p=0.8653) between controls (2.01 +
0.16 N=6) and CF patients (1.93 £0.15 N=5). However, there is a significant difference in the
timing of the responses with the control group peaking att = 10.2 £ 0.4 and CF group peaking at
t = 8.0 £ 0.6 minutes which is 2.2 minutes faster than in the controls (p<0.0001). See figure 5.6
(overleaf). The lung transplant participant had a normal light-EOG and is also shown in the figure

but his data were not included in any analysis.
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Figure 5.6 Light-EOG in Cystic Fibrosis

Light-EOG in Cystic Fibrosis

The light-EOG in a series of individuals with CF shows that whilst the amplitude of the response
is the same compared to controls, the time to peak is significantly faster (p<0.0001) in the CF
group. Plot shows mean + SEM with light on at t=0. The individual who is post transplant is also

shown - with a normal light response.

The ratio of the light peak to the second trough normalised voltages for the CF and control group
were compared. The alcohol-EOG ratio for the CF group was 2.25 £ 0.23 which was significantly
higher (p=0.0297) than the control group’s ratio of 1.82 + 0.31. In the light-EOG the ratio was not
so significantly (p=0.0879) different with the CF group’s ratio equal to 2.37 + 0.42 and the control
group’s ratio being 1.92 + 0.38.
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5.3.2 Fast Oscillations

Unlike the EOGs the FOs of the A508 homozygotes and the AS508 heterozygotes were
significantly different with respect to the amplitudes. One-way ANOVA analysis of the DRILT
ratio and the latency from dark-rise to light-trough revealed the following differences compared
to controls (all values are mean = SD). The Heterozygote’s DR:LT ratio was 1.44 £ 0.10 which
was significantly (p<0.001) greater than the controls with a ratio of 1.29 + 0.05. Furthermore, the
time from the dark-rise to light-trough was significantly slower (p=0.029) with the heterozygote’s
time being 61.8 £ 5.0 seconds and the controls being 57.2 £ 6.5 seconds. By contrast, when the
controls were compared to the A508 homozygotes then no significant differences were noted in
either the DRILT ratio 1.28 + 0.09 (p=0.689) or the timing 57.8 + 5.7 seconds (p=0.827). When
the two CF groups were compared then the heterozygotes had a significantly higher DR:LT ratio
(p=0.0010) but there was no difference in the timing (p=0.1070). A series of representative FOs
are shown in figures 5.7(a-c) overleaf. Trace 5.7a shows a control FO whilst traces 5.7b and
5.7c show a homozygote and heterozygote CF sufferer for the A508 mutation respectively. All
traces began with a one-minute interval of light before dark in which the bi-temporal potential

rose. Points that deviated from the curve were ignored.
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Figure 5.7a Fast Oscillation - Normal
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Figure 5.7b Fast Oscillalion - AS08/A508

AS08/A508 Fast Oscillation 18 year-cld Female
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Figure 5.7c Fast Oscillation - A508/?

AS08/? Fast Oscillation 43 year-old Male
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Figure 5.8 shows the DRILT ratio plotted against the latencies for the FOs. Both the CF and
control group results are shown. The DR:LT axis is on the ordinate. A ratio of 1.0 indicates a total
absence of FO. Inthe CF group, the heterozygous group had the highest DR:LT ratios and these
were also significantly slower than the control group (open diamond 0). The homozygous pair are
represented by filled black diamonds (¢) and were no different to the controls in either the DR:LT
ratio or the timing of the FOs. Only one oscillation from this group was <1.15 and could be
considered abnormal. The lung transplant participant represented by grey diamonds (») had two
values in the normal range (1.23 and 1.25) and two values that were very low and abnormal

(1.12 and 1.02). The controls are represented by crosses (X) in the figure.

Linear least squares regression plot of the DR.LT ratios against latency from dark-peak to light-
trough for control (x) and the CF patrticipants. The CF data points are divided so that the A508
homozygotes are indicated by a (*). The CFA508 heterozygotes by a (0) and the lung transplant
individual by a ( ). There is no strong linear relationship between the DFLLT ratio of the FO and
the latency from peak to trough. The CF group had a greater variance in the DFTLT than the
control group. However, only one value of the DR.LT ratio fell below 1.15. The heterozygotes

tended to have a higher DR:LT ratio than the homozygotes. Note axes are truncated.

Equations 5.iv to 5.vi are the least squares linear regression relationships between the DR:LT
ratio and the latency for the control and CF groups. There were no strong relationships between
the DR:LT amplitude and the timing of the FOs. However, the homozygotes did suggest that in

this case the DR:LT amplitude did decrease as the latency increased.

160



Control DRILT ratio = 1.16 +0.00214 x Latency (R2 0.0704) (p=0.124)
A508/A508 DR.LT ratio = 1.62 - 0.006 x Latency (R2 0.1384) (p=0.364)

A508/? DRILT ratio = 128 +0.0026 x Latency (R2 0.0188)  (p=0.671)
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5.4 Discussion

The alcohol- and light-EOGs In patients with CF are both altered with respect to the time to peak.
Both responses are shifted to the left with the light-rise being affected to a greater extent than the
alcohol-rise. However, the amplitudes are not different and this makes it unlikely that CFTR is the
major chloride channel responsible for these responses. The CF group contained both A508
homozygotes and heterozygotes. This common mutation renders CFTR incapable of reaching
the plasma membrane in any substantial amounts. The significant differences in the time to peak
must relate to an interaction between CFTR and the initiation of the light- and alcohol-EOG
responses. It was possible that alcohol absorption might be slowed in CF. However because
both the light- and alcohol-EOGs have faster onsets then this acceleration must be due to

processes occurring within the RPE.

Our current understanding of the origins of the light-rise is incomplete with the putative light-rise’
substance and its receptor unknown. CFTR has numerous interactions with other ionic channels
in epithelia (Greger et al., 1996; Schwiebert et at, 1999; Kunzelmann, 2001) and therefore a
similar function may exist in the RPE. This has recently been proposed as a possible explanation
for the presence of the FOs in CFTR null mice (Wu et al., 2006). The A508 phenotype is variable
with individuals that share the same genotype showing different phenotypes (Rowntree and
Harris, 2003). Cellular studies on CF lung gene expression indicate that an absence of CFTR
results in an upregulation of mMRNA that may both improve or hinder the condition. Transcription
levels for proteins involved in inflammation, protein trafficking, degradation, cell-cell
communication and ion transport are altered in CFTR null mice lung epithelium (Xu et al., 2003).
It is therefore likely that there would be some differences in the RPE of CF sufferers that would

compensate for a lack of functional CFTR.

Investigations into the role of functional CFTR in the RPE suggest that it contributes to fluid
transport in foetal human RPE (Blaug et al, 2003). The study of Blaug et al., (2003) in foetal
RPE revealed by immunocytochemistry that CFTR was present at both the apical and basal
membranes. The localisation of CFTR in foetal tissue may differ to adult RPE and immunological
staining at the apical membrane may not indicate the true proportions of the epitope. The loss of
apical processes may reduce the number of CFTR channels that are present during the
preparation of the tissue (Rizzolo, 1990). CFTR is presumed to be at the basal membrane based
upon the increased fluid secretion noted when levels of PKA were increased and also the loss of
the FOs in CF homozygotes reported (Miller et al., 1992).

The study of Blaug et al (2003) showed that the FOs were increased in the presence of PKA and

that fluid transport also increased. These findings were taken as evidence that CFTR is probably

involved in these processes. However, the investigators did not inhibit CFTR with a blocker and

so the increase in fluid transport following elevation of PKA may have been due to an alternative

chloride channel such as CIC-2 (Jovov et al., 1995b; Tewari et al., 2000). In another study that

compared the relative contributions of CFTR and CaCC to fluid regulation in canine RPE
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suggested that the contribution of CFTR to fluid regulation was not significant (Loewen et at.,
2003). This finding is consistent with the observations that individuals with CF are not prone to a
maculopathy which is the case with mutations in bestrophin. CFTR is probably expressed at both
the apical and basal membranes, because other studies using bovine and ARPE-19 have
demonstrated functional activity of CFTR at the apical membrane (Reigada and Mitchell, 2005).

The closest study investigating ionic fluxes in ocular CF tissue in Ussing chambers are of mouse
corneal-conjunctival preparations (Levin and Verkman, 2005; Levin et at, 2006). In these two
studies the trans epithelial potentials were higher in the CF mice than in controls and a direct
action of CFTR regulating the ENaC sodium currents was not demonstrated. There are no
Ussing chamber experiments utilising human A508/A508 RPE tissue and therefore it is unknown
what effects this phenotype would have on the ionic channels and membrane potentials.
However, in other tissues lacking CFTR there have been several studies investigating the
implications of a functional loss of CFTR. Typically in affected epithelia such as skin and lung the
sweat or mucosa respectively are high in NaCl due to poor CP transport (Knowles et al., 1983;
Boucher et at., 1986; Joris et at., 1993).

If there was a difference in the TEP in the CF participants compared to the controls then a
difference in the amplitudes of the responses would have been apparent in ail cases of the
EOGs. The voltage changes for the light-EOG occur at the basal membrane with an increased
CP conductance (Gallemore and Steinberg, 1989). The FOs arise from a fall in CF conductance
across the same membrane following hyperpolarisation. Given that the apical and basal
membranes are electrically coupled then a difference in either membrane voltage between the
groups would be reflected in a difference in the amplitude of the responses. The light- and
alcohol-EOGs had no difference in amplitude. This suggests that the absence of CFTR did not
affect the membrane conductance or contribute to the change in the TEP that resulted in the

light- and alcohol- rises.

However, the FOs did display a large variance in the amplitudes. This was especially obvious in
the A508 heterozygotes which suggest that there is an interaction of CFTR with this process.
Furthermore, the differences observed in the FO amplitudes compare to the light- and alcohol-
EOG rises supports the model in which these two processes originate from different mechanisms
(Gallemore and Steinberg, 1989, 1993; Weleber, 1989). That is the EOG amplitudes are
generated by a basolateral depolarisation, whereas the FOs are believed to be generated by a
basolateral membrane hyperpolarisation. From this small sample, the A508 heterozygotes had a
larger FO amplitude (DR:LT) compared with the controls and the A508 homozygotes. Although
both genotypes result in minimal functional CFTR being present at the plasma membrane with
heterozygotes having < 50% of normal chloride transport (Sermet-Gaudelus et at, 2005). The
variability of the CF phenotype and the alterations in other proteins to compensate for the loss of
CFTR may account for the differences observed between the heterozygotes and homozygotes

and will be discussed further below.
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A direct interaction of ethanol on CFTR conductance can be excluded as patch clamp studies
have shown that ethanol does not alter CI- currents in both wild-type CFTR and A508CFTR
(Marcet et at., 2004).

5.4.1 Electro-oculogram

There were two principle differences between the EOGs of the CF and control group. One was
that the CF group peaked earlier than the controls. The second was that the fall from peak to the
second trough was greater in the CF group than controls. The only similarity between the two

groups was that the amplitude of the alcohol- and light-rise was the same.

The interactions of CFTR with Na+and K+ channels are unlikely to modify the voltage change
across the RPE during the EOG. This is because the main ion responsible is CF for the EOG
waveform (Gallemore and Steinberg, 1989). Given that the alcohol-EOGs had normal amplitudes
in CF group, the likely channel responsible for this change is the CaCC which is believed to be
responsible for the light-EOG. Alternatives to the CaCC at the basement membrane that could in
theory generate the alcohol-EOG in the absence of CFTR would be the ORCC or CIC-2.
Flowever, these channels are unlikely to be responsible for the voltage change. The ORCC is
only expressed in a small ~ 10% of cultured mouse RPE cells (Wollmann et at, 2006). CIC
(chloride channels) are voltage gated channels with nine members identified and are widely
expressed throughout the body where they are involved with cell volume regulation,
transepithelial transport and the stabilisation of membrane potential in skeletal muscle. They can
be modulated by cell sweeling, membrane hyperpolarisation or depolarisation, intracellular pH
and [CaZin(Jentsch et at., 1999).

The RPE contains CIC-2 that may have contributed to the alcohol-EOG but the localisation of
CIC-2 has not been determined (Weng et at, 2002). However, in guinea pig colon the CIC-2 ion
channel is expressed in the plasma membrane where it shows outward voltage dependent
chloride currents that increase in response to membrane hyperpolarisation (Catalan et at., 2002).
However, the voltage dependence of CIC-2 does not show the same slow voltage dependent
inactivation as the L-type Ca2+ channel that would be required to decrease the alcohol- and light-
EOG waveform (Ueda and Steinberg, 1993).

Both ARPE-19 and bovine RPE do transport ATP across the apical membrane and this transport
is inhibited by a CFTR specific antagonist (Reigada and Mitchell, 2005). Therefore, it may be that
in CF this pathway is impaired. It has been proposed that ATP may be the light-rise substance
(Peterson et at, 1997; Reigada and Mitchell, 2005; Marmorstein et at, 2006). It has been
speculated that ATP may derive from the rods and not the RPE owing to the high metabolic rate
in the dark that is dramatically reduced at light onset (Arden and Constable, 2006). Thus if
purinergic receptors were up-regulated owing to the loss of CFTR-driven ATP transport, then the
response of the purinergic receptors may be heightened and result in a faster onset of the light-

rise. However, this theory would not explain the faster alcohol-rise times, given no light is

164



involved. In CF epithelia the mRNA levels of the P.Y: receptors were no different to controls
(Ribeiro et at, 2001) which argues against the up-regulation of these receptors to compensate
for the lack of CP transport in affected tissues. P2Y2 receptors coupeod to a G-protein that when
bound to purinergic agonists such as ATP then a rise in intracellular [Ca2f follows through the
generation of IP3 (Maminishkis et at., (2002).

It is possible that CFTR may alter the CaCC currents to alter the kinetics of the light- and
alcohol-EOG responses. An interaction between these two channels has been demonstrated in a
number of species. In Xenopus oocytes expression of CFTR inhibited the endogenous CaCC
current (Kunzelmann et at, 1997). Similarly, CFTR inhibits the CaCC current in bovine
pulmonary artery but the AS08CFTR mutant did not (Wei et at, 1999). Therefore, a loss of
inhibition on the CaCC would result in a larger chloride conductance and bigger EOG amplitudes

which were not observed.

There were two main differences between the EOGs of the CF and control group. One was the
time to peak and the second was in the ratio of the rise to second trough. These two findings
could be explained by an interaction with the L-type Ca2+ channel based upon the evidence that
this channel is also regulated by bestrophin and is central to the generation of the slow Ca2+
influx required for the EOG (Marmorstein et at, 2006; Rosenthal et at, 2006). It is well
documented that CFTR interacts with other ionic channels (Ando-Akatsuka et at, 2002; Cornejo-
Perez and Arreola, 2004; Reddy and Quinton, 2005) and therefore it seems most likely that

CFTR also modulates the conductance of ionic channels in the RPE.

The faster onset of the light- and alcohol-EOGs could be explained given the recent findings that
show hBestl increases the kinetics of inward Ca2Z+ flux through the L-type Ca2+ channel
(Rosenthal et at, 2006). Given the widespread interactions of CFTR with other ionic channels it
could be that CFTR also modulates the kinetics of the L-type Ca2+ channel. In this possible
explanation the absence of CFTR would result in a faster onset of the EOGs because the rate of
entry would be regulated by bestrophin. It is important to note that it is only the kinetics and not
the total inward Ca2+ current that is modulated by bestrophin so that the amplitudes are
unaltered. The proposal is that CFTR inhibits the action of bestrophin or directly acts upon the L-
type Ca2+channel to reduce the rate of Ca2+entry. In the absence of CFTR this regulation is lost
so that the inward Ca2+ currents increase faster and this is what results in the earlier peak times
of both the light- and alcohol-EOGs.

The CF group had higher ratios for the peak to second trough with this being more pronounced
in the alcohol-EOG. It has recently been suggested that the compound waveform of the EOG is
not a simple damped oscillation, but a resultant of two separate processes- an initial rise and a
delayed fall in the TEP. The evidence was that the ratio peak: second trough varied
systematically with the stimulus intensity (Wolf and Arden, 2004). The increased ratios from
peak to second trough could be due to either an increase in the positive (depolarising) or an

increase in the negative (hyperpolarising) component. The results of the CF EOGs show that
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the normalised second negative trough falls below the normalised pre-stimulus baseline and
given that the peak amplitudes are the same the likely contributor to the higher ratios is from the

negative hyperpolarising component.

The hyperpolarisation could result from several different mechanisms. The simplest is that in the
absence of CFTR the basal membrane is more hyperpolarised than normal owing to the
reduced CI' transport. However, this would imply that the reasai would be higher and therefore
the amplitudes of the light- and alcohol-EOGs should be lower which was not found. The
delayed nature of the second trough would suggest that a slow conducting channel is involved.
The greater fall from the peak of the EOG response to the second negative trough implies that
the inactivation of the inward CaZ~current could be increased by a stronger deactivation of the
L-type Ca2+ If this were the case then the inward Ca2+ current is reduced at a faster rate and
the signal for the outward CI" current through the CaCC is also rapidly reduced. This would then
hyperpolarise v essai and result is a larger decrease in the TEP as shown by the increased ratio

of the peak to second trough ratio in CF.

The individual who was taking immunosuppressives following his lung transplant had an
abnormal alcohol-response but normal light responses (for CF). It was likely that the medications
he was taking could have interfered with the alcohol-rise in this case. Doxazosin is an a,-
antagonist and is a derivative of prazosin (Elliott et a!., 1982) that reduces cp-adrenergic
stimulated release of intracellular Ca2+ from the ER in foetal RPE (Quinn et al., 2001). If the a,-
receptor was the receptor for ethanol then this would explain the reduced alcohol-EOG as
doxazosin would block any agonistic effect of ethanol. However, the ER is not the source of the
Ca2t+signal in the alcohol-EOG, as suggested by the in-vitro Ca2* experiments. Similarly, ramipril
acts by suppressing angiotensin Il formation and angiotensin receptors are present in human
RPE (Wagner et al., 1996). However, activation of the angiotensin receptor results in a release of
Ca2 from intracellular stores and not from the extracellular space which would preclude the

angiotensin receptor being a site of action of ethanol (Cullinane et al., 2002).

The most likely explanation for a lack of an alcohol-EOG in this individual is that the
immunosuppressive agents were altering the physiological response to ethanol in this participant.
Azothioprine’s mode of action is to inhibit ATP synthesis and down-regulate DNA and mRNA
synthesis (Tiede et al., 2003). In relation to the alcohol-EOG, a reduction in ATP may alter Ca2+
homeostasis through decreasing the PMCA pump leading to a higher [Ca2qin Ciclosporin is toxic
to the retina and the RPE with visual loss reported from the use of this drug (Kutlay et al., 1997,
Lopez-Jimenez et al., 1997). It is feasible that this drug may be cytotoxic to the RPE and that the

alcohol-EOG is detecting these early changes before the alterations in the light-evoked changes.
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5.4.2 Fast Oscillations

The current model of the FOs is that they result from the fall in sub-retinal potassium following
retinal illumination. This causes a decrease in the activity of the apical Na-K-2Cl co-transporter
resulting in a decrease in [Cl]in(Oakley Il and Green, 1976; Linsenmeier and Steinberg, 1984;
Gallemore and Steinberg, 1993). Consequently, the basal membrane hyperpolarises as there is
less basolateral CF flux and so the TEP falls causing the light-trough of the FO. The FO is normal
in Best's but the light-rise is absent indicating that a different mechanism is responsible for the
FOs and the light-rise (Weleber, 1989). The FOs have been claimed to be selectively reduced in
CF (Miller et at., 1992; Lara et at., 2003), and this has been taken as evidence that CFTR forms
(at least part) of the basal chloride conductance. Flowever, the results indicated that the FOs
were higher in the CF A508 heterozygotes and they were not reduced in the A508 homozygotes.
The values reported here for the DR:LT ratio in the control group are similar to previous studies

that used a similar analysis.

The findings in this study differ in part to those reported in abstract form previously (Miller et at.,
1992; Lara et at, 2003) in that the CF group was not composed entirely of homozygotes for
A508. However, the two individuals that were homozygous had normal FOs with the exception of
one value. Differences between the heterozygotes and homozygotes may be attributed to the
different trafficking of CFTR protein. In A508, homozygotes CFTR does not reach the plasma
membrane while in the heterozygous isoform may still retain some function. In a study of CF
patients in both homozygous for A508 and heterozygous for A508 a wide variation between

genotype and phenotype was observed (Dugueperoux and De Braekeleer, 2004).

The variability in the CF phenotype has been attributed to the effect of both environmental and
other genetic factors such as promoter genes that compensate in part for the mutations in the
CFTR gene (Rowntree and Harris, 2003). The larger DR:LT amplitudes and slightly reduced
latency may be related to the association of complex alleles. In a complex allele a second
mutation in the gene partially compensates for primary mutation. For example, in A508 the
accompanying mutation R553Q confers stability to the protein so that it retains function by
improving the folding and trafficking of CFTR to the plasma membrane (Dork et at, 1991). All of
the heterozygotes were pancreatic insufficient with one being a type 1 diabetic and would

normally be classified as ‘severe’ sufferers (Rowntree and Harris, 2003).

There is some evidence that CFTR current is not reduced by lowered intracellular [Cl-] (Wright et
at, 2004) which would mean that our current understanding of the mechanism of the FO’s light-
trough requires modification. This finding is supported by the observations in mouse models of
CF (Wu et at, 2006). There are few alternative CF pathways at the basal membrane that could
account for the FOs if they are not caused by CFTR. It has been proposed that the CIC chloride
channels could compensate for the lack of CFTR in the lung given that these channels are also

gated by PKA. In knock-out mouse models of CIC-2 retinal degeneration occurs indicating a role
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for these channels in the RPE (Bosl et at, 2001). However, immunological staining in native
human RPE cells shows expression of CIC-3 and CIC-5 at the apical membrane with CIC-2
showing weak expression but the authors did not state whether CIC-2 was present at the apical
or basal surface (Weng et at, 2002). The apical localisation of these channels, would suggest
that they do not play a role in the generation of the FOs which are the result from

hyperpolarisation of the basal membrane (Blaug et at., 2003).

The recent findings in mouse point to a different mechanism underlying the FOs that are not
solely dependent upon CFTR (Wu et at, 2006). The authors found that the FO amplitudes were
not abolished in either ASO8CFTR expressing or CFTR null mice. The light-rise amplitudes were
reduced to a greater extent than the FOs which was unexpected given that CFTR is not thought
to be involved in the light-EOG.

The explanation for the findings, as suggested by Wu et at, (2006) is that there is a complex
interaction between the ionic channels at the basal membrane and the absence of functional
CFTR may lead to disturbances in regulation and transport of ions that are still to be determined
(Kunzelmann, 2001). The CFTR currents are believed to contribute only a fraction of the total CF
conductance and so the lack of this current may not alter RB= to a large extent, given that other
compensatory mechanisms may be in place in the RPE given the lack of retinal pathology in CF
(Loewen et at., 2003).

Given that the origin of the FOs relies upon a fall in sub-retinal [K4 and a reduced rate of CF
transport through the apical Na-K-2Cl cotransporter then it is possible that the A508 heterozygote
mutations are affecting this pathway. One possible explanation may have been that the
regulation of the apical Na-K-2Cl cotransporter was affected in CF which may account for the
large DR:LT ratios owing to a more dramatic fall in [CF]in In pancreatic duct cell lines CFTR has
been shown to up-regulate Na-K-2CIl. Therefore, in CF there may be less Na-K-2Cl present
which would not explain the observations as this would result in a slowing of the decrease in [Cl-]
and a slower and reduced FOs which was not found. A similar study investigating altered gene
regulation in ASO8CFTR and control cultures of human airway epithelium did not find any
significant differences in gene expression (Zabner et at, 2005). However, another study has
found alterations in the transcriptional products in mouse CF airway epithelium (Xu et at, 2003).
Furthermore, levels of CaCC homologues are also upregulated in the gut in CF affected epithelia
which suggest that some alterations in the expression of ionic channels must occur in CF
(Leverkoehne et at, 2006). The compensatory mechanisms of upregulating chloride channels
may partly account for the large variability in the phenotypes observed in this condition
(Rowntree and Harris, 2003).

There are not many studies investigating the FO amplitudes and in many cases, the authors
used different parameters to measure the waveform. The DR:LT value is often reported and
values from other publications are listed in table 5.1. The value of the DR:LT ratio of 1.29 £ 0.05
is similar to that of Miller et at, (1992) and Weleber, (1989) with large SDs reported. Elevated
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blood glucose levels have been shown to increase the amplitude of the FOs (Schneck et at,
2000) and there may be some unidentified metabolic difference in the RPE of CF to account for

the higher FOs.

No relationship between the DRILT ratio and the latency from dark-rise peak to light-trough
minimum was evident. This supports the findings that CFTR is not involved in the oscillations as
if defective CFTR was responsible for the interval from peak to trough then it would be expected
that those individuals that more severely affected, homozygous participants would have a slower
latency than the heterozygotes. Instead, there was no strong linear relationship in either the CF
group or control group to the amplitude of the FO and the time-course. There were also no
differences in the period of the oscillations from dark-rise to light-trough between the groups. This
finding suggests that there are other factors involved in generating the FOs and that CFTR is not

directly responsible.

5.4.3 Summary

The main findings are that CFTR does not contribute to the amplitude of the alcohol-EOG. This
supports the findings in the previous section that showed Ca2+to be the second messenger
responsible for the alcohol-EOG. The results also show that the timing of the slow EOG voltage
changes is faster in CF than in controls. This could be explained by a lack of CFTR inhibiting
the effect of bestrophin that acts to increase the kinetics of this ion channel. The FOs showed
that the amplitudes were higher in the CF A508 heterozygotes. The A508 homozygous group
did not have any significant reduction in the amplitudes which supports recent findings that

suggest CFTR is not solely responsible for this response.
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6 Conclusions

The initial aim of this study was to establish an in vitro model of the RPE that would allow a
detailed exploration of the underlying cellular mechanism of the alcohol-EOG. The use of
immortalised cell lines has been employed by many researchers to model human RPE
behaviour. The RPE in man forms a tight barrier and one aim was to replicate this property in the
well characterised human RPE cell line ARPE-19. A variety of experimental approaches were
used to enhance the barrier characteristics of these cells, including varying the composition of
the culture medium, varying the underlying substrate or growing the cells in the presence of glia
(or glial conditioned media). This latter approach was based on evidence from the literature that
glial cells can induce barrier tightening in a variety of epithelia e.g., the rat glioma cell line (C6)
has been shown to substantially increase the TER in the human epithelial cell line ECV304
(Hurst and Fritz, 1996).

Despite replicating these findings with ECV304, no similar induction of ARPE-19 cells was
evident with this or the Muller cell line MIO-M1. A possible explanation was that the ARPE-19
cells were differentiated and not receptive to secreted factors from glial cells. Several reports on
chick RPE have shown that both the age of the retina and the RPE determine whether tight
junctions will be fully developed (Rizzolo et al, 1994; Ban et at, 2000; Rahner et at, 2004).
Since ARPE-19 cells were derived from an adult donor the potential for induction would be
reduced compared to an embryonic RPE cell and this may have accounted for the lack of barrier
induction in this cell line. Furthermore, a recent study has found that ARPE-19 shows significant
phenotypic heterogeneity, including the organisation of its junctional proteins. Although this
heterogeneity could be partially overcome by prolonged culture in specialised medium, the

ARPE-19 cell line may not have the capacity to form a very tight monolayer (Luo et at., 2006).

A rise in the TER of the ARPE-19 cells was obtained by modifications to the culture medium with
growth factor and hormone supplements to a level that has been previously reported (100 Q.cm2)
using specially defined medium (Dunn et al, 1996). The composition of the specialised media
(SM1 and SM2) significantly increased the TER compared to the standard conditions in which
ARPE-19 cells are grown. The 100 Q.cm2 TER reported by Dunn et at, (1996) was with an
optimum cell culture medium and with cells that were of a lower passage number. The recent
experiments by Yau et at, (2006) with SM did not attain as high values as those reported here.
Disappointingly, when the ARPE-19 cells were mounted in an Ussing chamber the TEP was very

low and unsuitable for further detailed work on the origins of the alcohol-EOG using this model.

Bovine and Rana RPE have been used to elucidate the mechanisms of fluid transport across the
RPE as well as the ionic channels and signalling pathways within the RPE (Miller and Steinberg,
1977; Miller and Edelman, 1990). Bovine RPE has been shown to respond to ethanol (Pautler,
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1994; Bialek et at, 1996). Pautler implicated AA and not CaZ+ as the signalling mechanism
(which is contrary to the findings reported here using the fluo-4 indicator). His results do not show
any similarities with the human alcohol-EOG. He showed that in bovine RPE, the effect of alcohol
was absent in darkness and maximal in green light. This is contrary to the findings in man. There
are species differences between human, bovine and amphibian RPE with respect to the
regulation of intracellular second messengers. In human, cAMP increases fluid transport and in
bovine the reverse is true (Rymer et at, 2001; Blaug et at, 2003). In amphibian RPE the addition
of extracellular DIDS blocks the basolateral cAMP CE current which is not blocked in mammalian
RPE (Hughes and Segawa, 1993; Linsdell and Hanrahan, 1996). These species differences,
though important when comparing the intracellular signalling pathways and chloride channel
functions, were not responsible for the lack of responses in the bovine RPE and Rana eye-cup

preparations.

Two previous studies have shown a direct effect of ethanol on the RPE of bovine eyes. In the
Ussing chamber experiments, attempts were made to obtain a response from bovine RPE with
and without the retina in place, and in two different Ussing chamber designs and with
modifications to the buffers. The lack of any consistent responses coupled to the poor response
to epinephrine and ouabain indicated that the RPE was not viable enough at the time of the
experiments despite having stable electrical parameters. This failure is therefore likely to be due

to post-mortem deterioration in the tissue'obtained in this study.

The experiments with Rana were designed to overcome the delay in post mortem time and to
provide some insight into whether ethanol was acting via a receptor in the retina or one in the
RPE. The results from these experiments indicate that ethanol does not liberate a signalling
molecule from the retina to alter the standing potential. The demonstration of a functioning retina-
RPE complex was demonstrated by evoking a light-EOG from the eye-cup. However, no alcohol-
EOG could be convincingly observed. Although it is possible that there may be a species
difference in the response to alcohol, an alternative explanation is that in the Rana model the
alcohol had to be applied to the inner retinal surface of the eye-cup. In man the bulk of the
ethanol dose would arrive via the choroid. If the receptors for alcohol were situated near the
choroid, it is possible that the concentration of alcohol diffusing from the retinal surface was too

low to evoke a response.
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6.1 The Alcohol- and Light-Electro-oculograms

A series of experiments were undertaken based on the hypothesis that a change in intracellular
Caz+ generated the alcohol-EOG rise. This was due to the recent evidence in support of Ca2+

being crucial to the generation of the light-rise of the EOG.

1: An elevation in [CaZ]in caused by either an apical purinergic activation by ATP
(Reigada and Mitchell, 2005). This rise in [Ca2qinwould then open a basolateral chloride

channel.
Or

2: Bestrophin can both increase the rate of Ca2tthrough L-type Ca2+ channels but can
also inhibit Ca2+ entry if cytosolic [Ca24jnis high. Bestrophin is unlikely to the basolateral
chloride channel responsible for the light-rise with the CaCC channel now appears to be
the most likely candidate (Marmorstein et al., 2006; Rosenthal et al., 2006).

The first hypothesis, postulates that the source of the ATP is the RPE cell, and ATP is
transported into the sub-retinal space by CFTR. If so, then in cases where CFTR is non-
functional the alcohol- EOG rise should be absent or modified. In the second hypothesis, the
basolateral L-type calcium channel is gated by an interaction with bestrophin, which inhibits the
sustained increase in [Ca2fjn following the putative light-rise substance increase. The
involvement of bestrophin in the light-rise has been accepted given that an absent light-rise is
pathognomic of Best's disease (Cross and Bard, 1974; Thorburn and Nordstrom, 1978; Weleber,
1989). However, bestrophin now appears to be a regulator of [CaZ2fin and not the Ca2+gated
chloride channel as originally understood. Bestrophin protein then has two functions. One it can
increases the rate of Ca2+ entry through the L-type Ca2+ (Rosenthal et al., 2006) and secondly,
bestrophin inhibits the [CaZHin once elevated following ATP stimulation (Marmorstein et al,
2006). ARPE-19 was found to be a the most suitable cell line for [Ca2fin measurements using
fluorescent calcium probes given its lack of functional P-gp (Constable et al, 2006b). The
identification of the most suitable cell line was necessary because the possible changes in
[CaZin may have been low and sustained over several minutes as the alcohol-rise is. Therefore,
it was important to maintain the levels of fluo4 within the cytosol for as long as possible.

The nature of the light-rise substance remains elusive but ATP has been proposed to fulfil this
role (Reigada and Mitchell, 2005; Marmorstein et al., 2006). During the dark, the rods consume
high quantities of ATP to maintain the dark current by the active NaKATPase pump at the inner
segment. At light onset, the non-selective channels in the rod outer segment close rapidly, while
the NaKATPase exchange pump continues to operate at high speed for some seconds, causing

potassium depletion in the sub-retinal space. It is possible that the production of ATP continues
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for a short time so the intracellular ATP concentration of the rod rises and may leak into the sub-

retinal space (Uehara et at., 1990). See also Arden and Constable, (2006).

ATP or as it is rapidly degraded to ADP could provide the trigger for the light-rise by releasing
Caz from the intracellular stores (Peterson et at, 1997; Reigada et at, 2005; Reigada and
Mitchell, 2005). This transient rise in [Ca2]in initiated by the release of ATP from the rods would
cause an increase in basolateral CF conductance by the CaCC. This would in turn depolarise the
\B=sa which would then gate open the voltage dependent L-type Ca2+ channels which would
provide a sustained inward Ca2+ flux resulting in further CaCC currents and a continued
depolarisation of veasai until the L-type Ca2+ channels inactivated at as v easai depolarised further.

This mechanism may underlie the process involved in generating the light-rise of the light-EOG.

The alcohol-EOG, however, must have a different origin but share at least some part of the final
basolateral pathway outlined for the light-EOG. Intracellular Ca2+ recordings showed that ethanol
increased intracellular calcium, but only by permitting an increased inward calcium flux. The
concentrations of ethanol used were higher than the physiological levels but consistent with other
studies. The low number of responding cells may have been due to phenotypic heterogeneity
within the ARPE-19 cell line (Wimmers et at, 2004; Luo et at, 2006), or to a lesser extent the
lowered working temperature and the experimental limitation of being able to add ethanol only to
the apical surface. The demonstration that ethanol could produce sharp rises in intracellular Ca2+
in a cell line that is known not to express bestrophin would imply that bestrophin is not an ethanol
receptor. The responses generated showed concentration dependence, was repeatable and all
of the responses returned to baseline indicating that the responses were not a result of damage

to cell membranes.

Given that the L-type Ca2+ channel has been directly implicated in the light-EOG it is likely that
the same channel mediates calcium entry in response to alcohol. Ethanol has been shown to
activate L-type channels in PC12 cells (Belia et at, 1995). However, the question remains as to
whether ethanol acts directly upon the channel or upon a separate receptor that regulates the L-
type Ca2+channel currents. Two possible second messengers could increase the basolateral CF
conductance and result in the alcohol-EOG waveform. One is an elevation of [CaZ4in and the

second is the generation of CAMP dependent PKA.

To help discriminate between the two possible signalling modalities (Ca2+ or cAMP dependent
PKA) and to avoid the problems of working with a cell line, whose phenotype was likely to be
different in some respects to native human RPE, a parallel experiment was conducted using
individuals with CF. The premise was that the alcohol-EOG should be normal in CF if Ca2~
signalling is involved and abnormal if cAMP were involved. Elevating levels of cAMP has been
observed to increase basolateral CF current associated with the FOs in foetal RPE and if, as in
CF, where CFTR is absent or largely defective then these currents would be absent. If CFTR
was determining the alcohol-EOG voltage change then these response would be expected to be

significantly reduced. If the alcohol-EOGs were normal then Ca2+ would be the likely second
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messenger and a Ca2+gated chloride channel the most probably candidate for the generation of
the alcohol-EOG.

Although the magnitude of the light- and alcohol-EOGs in CF patients was normal, the time
course was more rapid than the control group. CFTR is known to interact directly with a variety of
ionic channels (Kunzelmann, 2001; Vankeerberghen et al, 2002). One possible explanation
could be that CFTR decreases the activation kinetics of the L-type Ca2+channel so that it acts as
a counterbalance to the increased activation kinetics when bestrophin is expressed. Therefore, in
the absence of CFTR, the influence of bestrophin would be greater so that the rate of Caz+entry
into the cytosol would be faster. This could account for the corresponding light- and alcohol-rises
that peaked earlier, in the CF group than the control group. Because both the light and alcohol
responses were affected in a similar way this would also support the model in which the L-type
Ca2+ channel was the centre piece of both of these responses. It is only the rate and not the total

current that is influenced which would alter the magnitude of the response and not the timing.

In CF, the ratios of the peak to second trough were greater in both the light- and alcohol-EOGs
than in controls. The EOG waveform has been suggested to be a composite of an apical
hyperpolarising and a basal depolarising component (Wolf and Arden, 2004). The results with CF
lend some support to this view. The lack of CFTR in the basal membrane is suspected to alter
the kinetics of the L-type Ca2+ channel and acts to balance the influence of bestrophin. The
proposal is that as bestrophin increases the rate of Ca2+ entry, CFTR may slow the deactivation
of this slow voltage dependent channel. This would mean that in the absence of CFTR the
inactivation of the inward Ca2+ current is faster and this results in a greater fall from the peak to

the trough voltage.

A possible mechanism for both the light- and alcohol-EOGs can be proposed based upon the
findings of this study. The L-type Ca2tchannel is central to both processes because this channel
provides the slow voltage dependent Cazt+ influx required to maintain the outward depolarising
CF current responsible for the light-EOG. It is presumed that given the similarity between the

alcohol- and light-EOG that CF is also the ion responsible for the alcohol-rise.

A proposal for the alcohol-EOG would be that ethanol acts upon the L-type Ca2+be effecting one
of the tyrosine kinase effectors. Evidence has been shown that regulation by PKC and PKA can
alter the kinetics and activation of this Ca2+ channel (Strauss et ah, 1997). Furthermore the
activation by the cytosolic subtype tyrosine kinase pp60cs,c may be a potential target for ethanol

that could activate L-type Ca2+channel currents in the RPE (Strauss et al., 2000).

The alternative basolateral channel through which ethanol could act is the CaCC, but the effects
of ethanol on this channel are inhibitory (Clayton and Woodward, 2000). Furthermore, the L-type
Caz+channel is central to the sustained Ca2+ signal for generating the light-EOG. It is therefore,
plausible given the similar nature of the alcohol- and light-EOGs that this channel is the probable

site of ethanol action. If ethanol acted directly upon the L-type CaZ+ channel then the rise in
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[CaZ]inwould gate open the CaCC and instigate the depolarisation of v easai through a greater
chloride conductance that in turn would sustain the slow Ca2+influx by the L-type Ca2+ channel.
There is some evidence from the trial using nifedipine that abolished the Ca2+ transient when

present.

The alternative would be that ethanol may act upon the CaCC directly to increase basolateral
chloride conductance that, again, depolarises the L-type Ca2+ channel to continue the cycle of
chloride efflux, membrane depolarisation, Ca2+influx, chloride efflux until finally v sasai depolarised
to such a point that the L-type Ca2+channel was inactivated and the cycle halts and with it the
alcohol or light-rise. However, there are no studies which have shown ethanol to increase CaCC
currents (Clayton and Woodward, 2000).

A summary of the proposed model for the alcohol-EOG is shown in figure 6.1.

Figure 6.1 Model of Alcohol-EOG

Apical

The model of the alcohol-EOG centres on the L-type Ca2t channel. Ethanol activates this
channel by modulation of a cytosolic tyrosine kinase that could be of the pp6Cfstsub-type to
increase the inward Ca2+ conductance. The increased [CaZ2{in then gates open a chloride
channel (most likely CaCC), as this channel is presumed to be responsible for the light-rise. It is
possible that ethanol gates the CaCC directly which would depolarise the membrane and
increase inward Ca2+ currents through the L-type Ca2+ channel. However, experimental evidence
suggests that ethanol inhibits the CaCC currents, but this is yet to be shown in the RPE.. The
faster EOGs observed in the CF group may be the result of the loss of the inhibition of CFTR on
the Caz2tinflux. The absence of CFTR would result in a faster Ca2+conductance by the voltage
dependent L-type Ca2Z+ channel. It is also proposed that the inactivation kinetics of the L-type
Ca2+ channel is also altered so that the fall from peak to second trough is greater with a more

hyperpolarising voltage change across the basal membrane being generated.

175



6.1.1 The Fast Oscillations

Previous work has reported reductions in the amplitude of the FOs in A508 CF sufferers (Miller
et at, 1992; Lara et at, 2003). The present study has found that the FOs in CF are not
universally decreased. One reason for this discrepancy could be that three of the five CF
individuals were heterozygotes, while other workers have tested homozygotes only.
Heterozygotes in our sample tended to have the higher FO amplitudes. This finding implies that
our current understanding of the FOs is incomplete. The lack of a strong linear relationship
between the DFLLT amplitude and the timing of the FOs suggest that other factors influence this
response. The multiple interactions of CFTR with other ionic channels and the varied phenotype
in this condition owing to environmental and genetic factors may account for some of the
differences observed between these two groups (Rowntree and Harris, 2003). However, the
results do indicate, that in man dysfunctional CFTR does not precipitate a complete loss of the
FOs. This conclusion was also found in a recent animal study where the FOs were present even
in CFTR null mice (Wu et at, 2006).

6.2 Future Directions

The results provide evidence for intracellular [Ca2y] being the signal required to generate the
alcohol-EOG in man. In relation to early retinal degeneration, associated with RP and ARMD this
finding suggests that in these diseases Ca2+signalling is altered and that the alcohol-EOG is

capable of detecting these early anomalies before a substantial loss in the light-rise is apparent.

Further experiments are required to show conclusively that the calcium channels are of the L-
type. This would be achieved by further work using nifedipine and inhibitors of the intracellular
stores (thapsigargin and cyclopiazonic acid). Demonstration that L-type Ca2+ channels are
present in the monolayers could be performed using immunocytochemistry and the specific
subunits determined by RT-PCR. In view of the varied heterogeneity this work would be
performed using an animal model such as chick RPE. The use of primary chick RPE explants
loaded with fluo4-AM would also be possible to demonstrate that the alcohol is capable of

elevating [CaZinin an animal model.

Performing the alcohol-EOG on individuals with Best's disease would indicate whether
bestrophin was required to generate the alcohol-EOG. Further studies on individuals with CF
would also help clarify the FOs as there appears to be a difference in the amplitudes between the
heterozygotes and homozygous groups. It may be that the FOs could be used as a prognostic

test in these individuals.

Further work on animal models is required and the most likely candidate is chick where post-

mortem time can be minimised. Chick has been used before in Ussing chamber and intracellular
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recordings to elucidate the basic mechanism of the light-EOG. Using a similar recording

technique the effects on basolateral chloride conductance could be shown with ethanol.
Additional clinical uses of the alcohol-EOG could be assessed in diabetics to determine whether
there are any abnormalities that may indicate individuals likely to develop diabetic retinopathy.

Drug toxicity may also provide a use for the alcohol-EOG with patients on immunosuppressives.

Demonstrating that nifedipine also suppresses the light-rise in man is another immediate goal

and arrangements are currently in progress to perform this study.
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7  Appendix 1 Preparation of Solutions

71  Cell Culture Additives and Solution Preparation

Typically, 40 ml of specialised medium was prepared to have sufficient for the 12 Transwells™
(36 mi).

Penicillin, Streptomycin and L-Glutamine (G1146): Stock 5 ml solution containing 200 mM L-
glutamine, 10,000 U/ml penicillin, and 10 mg/ml streptomycin in 0.9% sodium chloride. Diluted
1:100 in culture medium to give 2 mM L-glutamine, 100 U/ml penicillin and 100 pg/mi

streptomycin.

Antibiotic-Antimycotic solution (A5955): Stock solution containing 10,000 units/ml penicillin
G, 10 mg/ml streptomycin sulphate and 25 pg/ml amphotericin B. Diluted 1:100 in culture
medium to give 100 U/ml penicillin, 100 pg/ml streptomycin and 0.25 pg/ml amphotericin B.

Insulin (19278): Supplied as stock (5 ml) solution of 10 mg/ml in HEPES. Solution stored at 4°C.

Diluted 1:100 when added to base medium to give final concentration of 100 pg/ml.

Transferrin (T8158): Supplied as 1 mg human transferrin dissolved in 1 ml of sterile PBS and
250 pi aliquots stored at - 50°C. Working concentration 1 mg/ml. 5 pl/ml added to SM1 or SM2

on the day of use.

Epidermal Growth Factor (EGF) (E4127): 100 pg of EGF isolated from mouse sub-maxillary
glands was diluted in 1 ml of PBS with 1% FCS to give a final working concentration of 100
pg/ml. 25 pi aliquots were stored at -50°C. 0.25 pl/ml was added to specialised media on the day
approximately 10 pi to give 10 ng/ml.

Tyrosine sodium salt (3,3',5-Triiodo-L-thyronine sodium salt) (T3) (T5516): 1 mg was
dissolved in sterile 1N NaOEl and then diluted with 49 ml of DMEM:F12 and stored at 100 pi
aliquots at -50"C at a working concentration of 20 pg/ml. 0.25 pl/ml of SM3 was added on the day
to give 5 ng/ml.

Putrescine (P6024): 1 mg was dissolved in 10 ml of sterile PBS and stored at room temperature

at a working concentration of 100 pg/ml. 3 pl/ml was added to SM1 and SM2 on the day.

Basic fibroblast growth factor (bFGF) (F0291): 25 pg of human bFGF was dissolved in 0.1 ml
of sterile PBS. 200 pi aliquots were stored at -50”C with a working concentration of bFGF of 250
pg/ml. 4 pl/ml was added to the specialised media on the day to give a final concentration of 1

ng/ml.
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Hydrocortisone (H6909): Supplied as 50 j M sterile solution. Stored at 4“C. 0.5 ml added to 500
ml of base medium to give a final concentration of 25 nM in SM1 and SM2 or 1 ml to SM3 to give
50 nM.

Linoleic acid (L5900): 10 mg dissolved in 10 ml absolute ethanol giving 1 mg/ml. Stored at -
50°’C and protected from light in 1 ml aliquots. 10 /jl/ml added to SM1 and SM2 to give a final

concentration of 10 /jg/ml.

All frans-retinoic acid (R2625): Prepared in the dark. Add 1.5 ml of DMSO to 50 mg of all
trans-retinoic acid, giving a working concentration of 40 mg/ml (Store at -50‘C). Then diluted
stock 1:1000 by taking 10 > of working solution and adding to 10 ml of base medium. Final
concentration now 40 /jg/ml. Add 62.5 ju to 50 ml of medium to give final concentration of 50

ng/ml. Retinoic acid was added to SM2 only.

Progesterone (P7556): 100 mg was dissolved in 100 ml of sterile ddH2 giving 1 mg/ml and
stored at room temperature. 1 ml was then diluted 1:100 with 99 ml of sterile ddH2 to give a
final working concentration of 10 /Aj/ml. 1 pl/ml was added to SM3 to give a final concentration of

10 ng/ml.

ITS+3 (12771): Pre-formulated cell culture additive containing insulin 10 mg/l, transferrin 5.5 mgl/l,
selenium 5 BSA 0.5 mgl/l, linoleic acid 4.7 ¢/g/ml and oleic acid 4.7 /jg/ml. Used as cell
culture additive in SM3. Diluted 1:100 with SM3 base media on day of use.

Bovine Serum Albumin (BSA): 30% (wt/vol) solution was prepared by adding 10 gm sterile
BSA to 33 ml of DMEM:F12 and stirring with a magnetic rotor (sterilised in absolute ethanol) until
dissolved. 5 ml added to SM1 and SM2 base media and stored at 4'C.

Bovine Pituitary Extract (BPE) (P1476): Supplied as ~ 14mg/ml in PBS (2.5 ml) total volume.
The BPE solution was added to SM3 base medium (500 ml) to give a final concentration of ~ 70

pg/ml.

7.2 Specialised Media Preparations

7.21 SM1 and SM2

DMEM:F12 with added nutrients was used as base medium (500 ml) supplemented with 10 ml
of 1 M HEPES (N-(2-Flydroxyethyl)piperazine-N'-(2-ethanesulphonic acid)), 5 ml of L-glutamine,
penicillin and streptomycin, 5 ml of insulin solution, 5 ml of 30% BSA and stored at 4‘C. Final
concentrations in the base medium were 20 mM HEPES, 100 ;ug/m streptomycin, 100 U/ml
penicillin, 100 Ag/ml insulin and 2 mM L-glutamine and 1% BSA.
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7.2.2 SM3

Base medium was made using DMEM (500 ml) supplemented with 10 ml of 1M HEPES, 5 ml of
penicillin streptomycin L-glutamine solution 5 ml of ITS#3 and 100 pi of hydrocortisone giving a
final concentration of 20 mM HEPES, 100 pg/ml streptomycin, 100 U/ml penicillin, 100 pg/ml,
insulin 100 pg/ml, transferrin 55 pg/ml, selenium 50 pg/ml, BSA 5 pg/ml, linoleic acid 47 ng/ml,

oleic acid 47 ng/ml, 50 nM hydrocortisone and 2 mM L-glutamine.

For SM3 two additional modifications were made. One was to add bFGF and EGF to give a final
concentration of 1 ng/ml and 10 ng/ml respectively. A second modification was to add bovine
pituitary extract (BPE) to SM3 to give a final concentration of 70 pg/ml. Medium was stored at
4-C and extra supplements added from stock solutions as described above to give the final

concentrations given in table 7.1.

Table 7.1 SM3 Constituents

Ingredient Sm3
DMEM
Insulin 100 pg/ml4
Transferrin 55 pg/ml4
Selenium 50 pg/ml4
Hydrocortisone 50 nM
Progesterone 10 ng/ml
Linoleic acid 47 ng/ml4
Oleic acid 47 ng/ml4
BSA 5pg/ml4
HEPES 20 mM

Constituents of SM3. ?) The addition of insulin, transferrin, selenium, linoleic acid, oleic acid and
BSA was supplied as ITS3* medium supplement (Sigma). Additions were to add bFGF and EGF
or to add BPE to the SM3 base mixture.
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Abstract

The retinal pigment epithelium (RPE) lying distal to the retina regulates the extracellular environment and provides metabolic support
to the outer retina. RPE abnormalities are closely associated with retinal death and it has been claimed several of the most important
diseases causing blindness are degenerations of the RPE. Therefore, the study of the RPE is important in Ophthalmology. Although
visualisation of the RPE is part of clinical investigations, there are a limited number of methods which have been used to investigate RPE
function. One of the most important is a study of the current generated by the RPE. In this it is similar to other secretory epithelia. The
RPE current is large and varies as retinal activity alters. It is also affected by drugs and disease. The RPE currents can be studied in cell
culture, in animal experimentation but also in clinical situations. The object of this review is to summarise this work, to relate it to the
molecular membrane mechanisms of the RPE and to possible mechanisms of disease states.
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1. Introduction

The retinal pigmented epithelium (RPE) is an electrically
polarised pigmented epithelial monolayer that lies poster-
ior to the photoreceptors where it plays a central role in
maintaining the outer retina (Strauss, 2005). The RPE’s
functions include transporting retinol to the outer seg-
ments, phagocytosing shed photoreceptor outer segments
(Besharse and Defoe, 1998) the transport of fluid and
metabolites, and the regulation of the contents of the RPE
cytosol and the subretinal space (Adorante and Miller,
1990; Bialek and Miller. 1994; Bialek et ah. 1996; Lin et ah.
1992; Rymer ct ah. 2001). Furthermore, the RPE forms a
part of the outer blood retinal barrier by virtue of its tight-
junctional complexes. It contains a number of potential
drug transporters that are of medical interest and also
excludes potentially harmful xenobiotics from the sub-
retinal space (Kennedy and Mangini, 2002; Steuer et ah,
2005). The RPE is responsible for the cornco-fundal
standing potential (Kiihne and Steiner, 1881) and the
change in this voltage across the human eye evoked by
change of illumination forms the basis of the clinical
electro-oculogram (EOG) (Arden and 1962a;
Kris, 1958). The light-EOG has also been recorded in
other species: lizard (Griff and Steinberg, 1982), chicken

Kelsey,

(Gallemore ct ah. 1988). mouse (Kikawada, 1968), rat
(Arden and Tkeda. 1964). rabbit 1967), cat
(Linsenmeier and Steinberg, 1982), primate (Valeton and
van Norren, 1982). The light rise of the EOG results from

the release of a substance, termed the “light rise’" or “light

(Ogawa,

peak” substance from the photoreceptors (the chemical
composition of which is unknown) that interacts either
directly or indirectly with the RPE (Gallemore et ah. 1988).
There is indirect evidence (see Section 9) that this substance
causes an increase in the intracellular concentration of
calcium ([Ca~ ]m) within the RPE which in turn opens a
basolateral ionic Cl channel, thus depolarising the basal
membrane (Gallemore et ah, 1988, 1993; Gallemore and
Steinberg, 1989b) and leading to the characteristic light rise
ofthe EOG (Gallemore and Steinberg, 1993). However, the
exact nature of the basolateral CL channel has not been
determined, but is believed to be bestrophin (Hartzell ct ah.
2005b; Marmorstein et ah, 2004; Strauss and Rosenthal,
2005).

The light rise of the light-EOG is a slow complex change.
Following dark adaptation, the return to light causes an
increase in the ocular standing potential that peaks at
~ 7-10 min. Following this the voltage decreases to a
trough at ~22min. Smaller and slower ripples occur for

over 2h. The amplitude of the rise is dependent upon the
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duration ofthe previous period in darkness (see Section 13)
up to a duration of 22 min. This is not the only effect
of light on the RPE. When the of light and
dark

fast oscillation

period

intervals is ~Imin an induced oscillation the

(FO) of the
frequency. The

standing potential occurs
FO has an

Immediately following

at the stimulus opposite

sense to the light rise. retinal

illumination there is a fall in the standing potential

and a light trough develops that begins to rise ~30s
after light onset. The FOs are believed to be a function
of the of basolateral ClI1
following a fall in subretinal [K +]out (Blaug et al., 2003).
The FOs
(Weleber,
(Schneck et ah, 2000).

W hilst the EOG provides useful information about the

channel

alteration transport

provides insights into inherited dystrophies

1989) and potentially RPE function as well

integrity of the photoreceptor-RPE complex in acquired
and inherited retinal degenerations, the test in itself is not
specific for RPE function. Therefore, investigators have
employed alternative means to detect early changes in RPE
physiology. The EOG changes in response to acetazola-
mide (Kawasaki et ah. 1986), mannitol (Kawasaki ct ah.
1977, Shirao and Steinberg.
1985) have all been explored as poten-
affect

1987) hypoxia and hyperoxia
(Marmor et ah,

tially suitable non-photic stimuli that directly

the RPE.

voltage changes and

In man, alcohol apparently initiates the same
series of intracellular events that
cause the light-induced change in the RPE (Arden and
Wolf, 2000a;
additional method of detecting early RPE dysfunction
(Arden and Wolf. 2003; Arden et ah. 2000). Alcohol-

induced changes similar to those seen in man have been

Skoog et ah, 1975) and may provide an

observed in dark-adapted sheep in vivo (Knave et ah, 1974)
and alcohol changes the voltage (in vitro) of light-adapted
bovine RPE (Pautler.

unclear.

1994). but the mechanisms remain

Our intention is to provide a background for the
understanding of the ionic channels within the RPE and
RPE
EOG

currents. To this end we discuss the basic biophysics of

how alterations in them cause the changes in

membrane potential that produce the clinical
cell membranes and the electrophysiological techniques of
measuring the ionic currents. In addition we will review
practical aspects of the EOG, because as a non-invasive
technique it can be used to investigate not only membrane
properties of the RPE, but also the functioning of the
subretinal space and photoreceptors in disease states and
can provide information unrelated to changes of visual
sensation and supplemental to those of modern imaging
techniques. For these reasons, the EOG is a tool often used

in clinical research on the retina.
2. Discovery and the first analyses
The potential voltage difference that occurs between the

cornea and fundus was discovered by Du Bois Reymond

(1849). He showed that it persisted for long periods in the

isolated eye. Kiihne and Steiner (1881) and de Haas (1901)

also measured the voltages after removing successively
cornea, iris, lens vitreous and retina. Only when the RPE
had been damaged did

localised the source of the current production to the RPE.

the potential vanish, and this
Although illumination was known to affect the potential
recorded between the cornea and fundus (Himstcdt and
Nagel, 1902) the capillary electrometers used in early work
sensitive or stable to
1893). With the advent of

electronic amplification, the sensitivity problem was solved,

were not analyse the

sufficiently

changes in detail (Einthoven.

but the amplifiers were unstable, and required condenser-
coupling, so slow changes were not amplified. In the 1940s,
Noell was able to employ systems both stable and sensitive
(DC amplification) and could follow the slow changes; he
related the c-wave of the electroretinogram (ERG) to the
later and still slower responses. He wused poisons that
selectively damaged the RPE, as demonstrated by histolo-
gical changes caused. He found that azide, acting on the
RPE transiently increased the “standing potential” and the
c-wave of the ERG, while iodatc. that damaged the RPE
selectively, not only caused a fall in the standing potential
but also reduced the azide increase, and reduced the
c-wave. Faster changes caused by illumination i.e. other
components of the ERG - were less affected (Noell, 1942,

1952. 1953a.b).
3. Development of current fields round the eyes

The RPE consists of a layer of cells connected by tight
junctions, so that the resistance to current flowing across
cells (the
than the

the membrane in the spaces between the

paracellular resistance) is 10 times greater
transmembrane resistance itself (Brindley and Hamasaki,
1963; Miller and Steinberg. 1977a,b). Therefore, voltage
developed across the RPE implies that at its origin current
will flow at each point normal to the surface, and the return
paths are through the paracellular resistance. Because the
RPE follows the curvature of the globe, the current flow at
each point can be split (formally) into three vectors. One is
in the optic axis, and two at other axes at right angles to it,
pointing medially or vertically. At the fundus, nearly all the
current flows in the radial vector (in the optic axis). At
other positions, there will be current vectors flowing in the
optic axis and also vectors in the lateral, medial, superior,
and inferior directions will be developed. Because of the
shape of the eye non-radial

approximately spherical

current vectors will approximately cancel. For example,
in the nasal part of the RPE, there will be a temporally
directed vector, which will cancel with the nasally directed
vector from the temporal part of the RPE. Hence the net
current flow will be due to the vector in the optic axis and
appears to be a dipole in the optic axis, with the cornea
positive and the fundus negative. This explains the name
given to the potential recorded across the eye, the corneo-
fundal potential. The current flowing from such a dipole

will spread symmetrically in all directions about the optic
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Fig. I. The generation of the light rise by the corneo-fundal standing

potential. From Arden (1962).

axis. Therefore, as the eye moves, the voltages recorded
between relatively distant skin electrodes will vary with the
tingle of rotation of the eye. This is shown in Fig. 1. which
illustrates how the magnitude of the responses to fixed eye
movements can be used to measure the magnitude of the
current produce by the RPE. This simple view of the eye
movement potential suggests that abnormalities in the
posterior pole will cause larger changes to the current than
changes near the equator and that recorded voltage will
vary with the sine of the angle moved. However, neither of
these suppositions is correct. One reason for this is that the
cells of the RPE

syncitium so damage to some of the RPE cell causes similar

(which generate the voltage) form a

voltage changes over a large area. Another is that for the
relatively small displacements associated with rapid sac-
cades, it is difficult to be certain whether a linear or sine
holds

displacement. The ease with which eye motion could be

relation between voltage change and angular
recorded led to attempts to use the EOG for eye-movement
recordings. However, difficulties were found in calibrating
such a system, because the apparent magnitude of the
dipole was not constant (Aserinsky. 1955; Francois et al.,
1955; Kolder, 1959; Miles. 1940; Taumer et ah, 1974;
ten Doesschate and ten Doesschate, 1955). It became
apparent that one of the factors modifying the voltage
was light. The first complete description of the human
light-dark sequence was due to Kris (1958) but an ana-
lysis of the nature of the response and the recognition
of its clinical utility is usually attributed to Arden (Arden,
1962; Arden and Barrada, 1962; Arden et ah, 1962;
Arden and Kelsey. 1962a) (Fig. 1) who showed that a
small reduction in light intensity provoked a decrease in
voltage, the dark trough, which was not related to the
preceding light level, although the change from dark to
light caused a transient rise of voltage (the light peak) the
magnitude of which was linearly related to the logarithm of

retinal illumination.
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Fig. 2. Voltage changes resulting from photic stimulation of the eye
recorded using different timescales, as indicated on each trace. The early
receptor potential (HRP) is produced by a conformational change in the
outer limb membrane that occurs when visual pigments absorb light. The
ERG a- and b-waves are produced mainly by changes in photoreceptor
dark current and the hvperpolarising rod bipolars. The c-wave is the result
ofthe RPE's apical membrane hyperpolarisation in response to a decrease
in subretinal [K +] and occurs after the faster ERG components generated
in the neural retina. The fast oscillation trough occurs approximately 30s
after light onset and is due to the RPE's basal membrane hyperpolarising.
The slow oscillation that is recorded as the EOG peaks at ~8m in is due to
the RPE basal membrane depolarising. After the peak ofthe light rise, the
transepithelial potential continues to fluctuate for several hours but these
changes have not been investigated systematically. Printed with permission

of Marmor and Lurie (1979).

4. The full picture of the DC ERG

The full sequence of the voltage changes is shown in
Fig. 2. The electroretinographic a- and b-waves occur in
about o.1 s: following this there is a slower c-wave.
Following this sequence, there is a slow cornea-negative
swing, the after negativity, followed by a "second c-wave”
and then a still slower and larger increase of voltage, the
“light rise”. These changes have been observed in a number
of different mammals. There are species differences. In
man. even though light continues, this increase in the
corneo-fundal potential is not maintained, but after a peak
at s min sinks to a trough level at 22 min. Ifa light-adapted
eye is placed in darkness, the potential falls to a level nearly
identical to the lowest level reached at the 22-24 min
trough. Following this trough, in light or in darkness,
further slow rhythmic changes in voltage are seen that may
persist for 2h or more. For reviews on this topic see

Marmor and Lurie (1979) and Steinberg ct al. (1985).
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5. Concepts of membrane voltage

Since the original description of the human EOG, work
in animals, isolated eyes and isolated RPE preparations has
resulted in a great deal of information about the nature of
the ionic channels, cotransporters and pumps in the apical
and basal surfaces of the RPE. Because the RPE is a
secretory epithelium this knowledge is fundamental to our
understanding of how fluid is transported across the
epithelium. The development of the EOG likewise can be
explained by the regulation or “gating" of these ionic
channels by “second messengers"— pathways that link

membrane mechanisms to intracellular changes. The
methods employed include a variety of electrophysiological
techniques that have each provided valuable insights into
the membrane voltage (Pm) changes of the RPE, and the
ionic channels involved in generating the clinical waveform
of the EOG.

The VM results from the difference in ionic concentra-
tions across the plasma membrane and the relative
permeability of the membrane to the ions in the intra and
extracellular spaces. Alterations in the permeability or
conductance of the membrane to the ions bv the gating of
ionic channels leads to a change in VM as ionic currents
pass across the membrane. Therefore, we will discuss the
basic biophysics of ions and ionic channels and the forces
that arc involved in generating ionic currents that lead to
changes in VM. For a more detailed account of these
underlying principals see the following texts Hille (2001),
Sakmann and Neher (1995) from which the following

section is summarised.

5.1. The passage ofions through membranes and the

membrane potential

The phospholipid bilayer of the cell membrane is

practically impermeable to ions: therefore any passage of

ions across the membrane occurs in small specialised

regions, via protein-containing ionic channels, pumps and
cotransporters. Many ionic channels are specifically shaped
(and charged) to permit the selective passage of a few types
of ions, which will tend to move from a region of high
concentration to one of a lower concentration (i.e. down
their concentration gradient).'

Since ions are electrically charged, their movement

through ionic channels causes a change in the charge

'‘Even though Na+ ions have a smaller atomic radius than K + they do
not pass easily through potassium channels (Doyle et al., 1998).
Interactions within the pore between ions and amino acids determine
the preferential permeability of one ion above another for each channel
type. However, most CP ionic channels are not as selective (Linsdell et al.,
1997a) with some displaying cation permeability (Qu and Hartzell, 2000).
The significance of permeability and conductance of an ion is different.
The permeability of an ion relates to how easily an ion enters the pore
whilst the conductance indicates how easily the ion traverses the channel.
This depends upon the difference between the free energy of the ion in
solution compared to that in the pore (Dawson et al., 1999; Smith et al.,
1999).

across the lipid bilayer. For example, as positively charged
potassium ions move out of a cell, the interior becomes
negatively charged with respect to the exterior and so VM
hypcrpolarises. This change in voltage eventually opposes
the movement of the ions and an equilibrium is established
approximating the Nernst equilibrium potential (Nernst,

1888) (see Eq. (1)).
Ex = RT/zF\n{[X)0J [ X \y (1)

where Ex is the equilibrium potential (volts) of ion X: [T]out
the concentration of ion X outside cell. /X/m is concentra-
tion of ion X constant
(8.314JK 'mol '), T the absolute
Faraday’s constant (96,500Cmol
or charge, ie.: C1 = —1, Ca2+ = +2.

Other physical properties of ionic channels as well as the

inside the «cell, R the gas
temperature, F the

"); r the valence of ion

membrane voltage will influence the resting VM. Because
) channels have a 10s times higher perme-

than Na

potassium (K
ability to K (these are the only two cations

present in relatively high concentration) and sodium
channels in the resting state do not have a high perme-
ability. the resting potential of cell membranes such as
those of neurones approximates the potassium equilibrium
potential. In the RPE the intracellular K

~90mM and the subretinal [K *] varies from 2 5mM

activity is

which would give a Nernst potential for KApical] between
—77 and —10l mM at 37 C. In human RPE. KApical ranges
from —35 to —63 mV have been reported (Quinn and
Miller, 1992). showing that other ionic channels contribute
to VM.

Cell membranes are not simple permeable membranes.
The ionic channels have properties that constrain ionic
currents and maintain VM by holding some ions away from
equilibrium. It has been shown that single channels change
their state frequently, opening and closing very rapidly.
The conductance depends upon the proportion of time the
channel remains in the same state. If the open state occurs
most of the time, the particular ion involved can move
toward its equilibrium potential. Therefore, stimuli which
change the channel state are said to “gate" it. Opening of
the ionic channels allows these ions to move towards their
equilibrium potential thus generating ionic currents and a

change in

"The behaviour ofions in a pore or channel may be complex. lons are
associated with water molecules, and may interact with each other, and
also with charged amino-acids in the cell membrane surface proteins and
the negative charge of the phospholipid bilayer all interact with the ions
inside a cell and form stable complexes reducing their availability to
traverse through an ion channel or pore. Therefore, predictions about
ionic behaviour in a dilute solution differ to the actual situation and
compensation can be made for some of these interactions by using the
ionic “activities" instead of molar concentration (Blum. 1980; Debye and
Huckel, 1923; Roberts and Stokes, 1965). Furthermore, when a large
difference exists between the intra and extracellular concentrations
of an ion such as Ca*+ where intracellular free concentrations are 10"
times lower than extracellular levels (Feldman et al.. 1991) the electro-
chemical gradient is unfavourable for Ca"+ to exit the cell and so the ionic

current varies as a non linear function of FM as defined by the
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5.2. Maintenance ofmembrane potential

In the RPE, which is a secretory epithelium, the passage
of a cation is often accompanied by the passage of an
anion, so that apart from electrical current flow, net
movement of salts, acids or alkalis develops and with it the
movement of water is induced across the membrane. Any
imbalance in such processes, if they continued indefinitely,
would alter the composition of the cell. Therefore, there are
various active and passive regulatory mechanisms that act
to prevent long-term alterations in the cytosolic environ-
ment in addition to the mechanisms that transport water
ions and other solutes across the epithelium.

One ubiquitous transporter in epithelia is the ouabain-
inhibitable Na K ATPase pump that is present in the
apical membrane of the RPE (Hu et al., 1994; Rizzolo,
1990). This pump utilises the energy of ATP hydrolysis to
move three N a+ ions out of the cell in exchange for two
K T ions that enter. This pump is the main way in which the
cytosol concentration is kept rich in potassium and low in
sodium. It only contributes ~10m YV to FApic.,| >n the frog
(Miller et al.. 1978). The constant fluid elimination from
the subretinal space results in an adhesive force between
the RPE and retina. Inhibition of the Na K ATPase
activity by ouabain reduces the adhesive forces between the
tissues (Frambach et al., 1989). Even bicarbonate transport
requires the activity of Na-K-ATPase because this pump
establishes the sodium gradient which serves to uptake
bicarbonate and thus establishes the driving forces for
bicarbonate movement across the basolateral membrane.
Numerous transporters have been localised in the RPE
plasma membrane. They operate by coupling ions, amino
acids or metabolites in exchange for another compound
thereby regulating cell pH, osmolarity and cell volume, as
well as transporting metabolic wastes or nutrients across
the membrane (Adorantc and Miller, 1990; Lin et al., 1992,
1994; Miller and Steinberg, 1977a. 1979; Peterson and
Miller, 1995). One example is the bumetanide- and
furosemide-inhibitable Na K 2Cl cotransporter (la Cour
et al.. 1997; Xu et al., 1994), that regulates cell volume
(Adorante and Miller. 1990) but does not contribute to the

(footnote continued)
Goldman- Hodgkin-Katz current equation (Goldman. 1943; Hodgkin and
Katz. 1949).

In practice, determining the equilibrium point lor a complex system
ofionic channels is handled well by the Goldman-Hodgkin-Katz voltage
equation which states that at equilibrium the sum of all ionic currents will
be zero. However, the permeability (P) of an ion is governed by the
thickness of the membrane and the concentration difference of the
ion as it passes through the membrane. Assuming then that ions act
independently through the membrane and the electric field of the
membrane is constant. Then the reversal potential (2Trcv) is dependent
upon the sum of the permeabilities multiplied by the Nernst potentials of

the ions (Eq. (2))

= RTIzF minji [/> -([JtIW W U]+ X > «([ArL/HTk,,)]J

(2)

membrane potential as there is no net movement of charge
across the membrane. For reviews see Flatman (2002) and
Forbush (2000).

function of this cotransporter is that it is the only means

Haas and Another very important
whereby CF can be moved from subretinal space to the
basal surface of the RPE. Sodium ions move with the CL,
and this accounts for most of the fluid flow. In contrast, an
antiporter or exchanger, exchanges one ionic species for
another across the membrane. Thus the Na+ H f anti-
porter exchanges one Na + ion for a proton to counteract
the electrogcnic Na+-HCC»>s cotransporter which enables
control of intracellular pH (Hughes et al., 1989; Lin and
Miller, 1991).

A further mechanism of fluid transport is controlled by
types have been
1993)

These channels may

aquaporins of which 11+ mammalian
identified. Their discovery is recent (Agre et al.,
and their regulation is complex.
be associated with intracellular vacuoles, which “traffic”
(i.e. move to and fuse with the membranes) under
the influence of cyclic adenosine monophosphate (cAMP)
or associated with Na-K ATPase on the plasma mem-
brane in the choroid plexus (Nielsen et al.. 1993) to
regulate water movement. Their properties in the RPE are
not fully understood although they are essential for water
1996; Stamcr ct al.. 2003)

(for review see King et al., 2004). More conventional

transport (Ruiz and Bok,

ionic channels along with transporters also play a role
in the movement of ions and water across membranes
and the quantity per unit time varies, as the epithelium
by which

specialised membrane proteins regulate the movement of

carries out its functions. The mechanisms
charged ions and water are of interest, both on their own
account and because of any change in relationship to
disease. Because transport is associated with electrochemi-
cal phenomena, clectrophysiology provides insights into
these mechanisms.

VM may also influence the conductance of an ionic
channel so that the gating is voltage dependent. In this
case, the ionic current will be zero when the equilibrium
potential equals the membrane potential so that Ohm’s law
(E = I/g) can be rewritten (Eq. (3)) to account for the

membrane potential.
Ix = flxi Vm —Ex ). 3)

where Ix is the ionic current of ion X: gx is the conductance
of ion X across the membrane (reciprocal of resistance);
VM is the membrane potential and Ex is the Nernst
equilibrium potential for ion X (Hodgkin et al., 1952).
This relationship holds when the current versus voltage
(/' V) relation is linear and the intercept is at zero. The
conductance (g) is dependent solely upon the difference in
ionic concentrations across the membrane as described by
the Nernst potential and is independent of VM. However,
for many RPE membrane channels the probability that the
channel is open is greatly influenced by membrane voltage.
Therefore, it is of interest to determine how these currents

vary with FM.
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5.3. Voltage clamp and rectification

Although the original analysis of nerve fibre membrane
activity was carried out with quite large electrodes in giant
nerve fibres, the advent of intracellular recordings with
glass micro-pipettes extended this to mammalian cells
(Hodgkin and Huxley, 1952a c¢; Hodgkin et al., 1952;
Hodgkin and Katz, 1949; Ling and Gerard, 1949a c).
Further advances were made when a second electrode was
placed within the cell so that VM could be controlled and
1949; Mar-
mont, 1949). Utilising this technique of voltage clamp, the

held constant by an external current (Cole,

membrane current could be plotted as a function of
voltage.

The membrane current (7) was the sum of the ionic
current (7j) that depends upon the conductance of the ionic
channels and the local capacity currents that occur when
there is a change in the ionic density (charge) between the

inner and outer surface of the membrane (Eq. (4)).
7= Cm(5F/5/) + 7j. 4)

To isolate 7, the investigators inserted two electrodes into
the axon. One electrode recorded the membrane potential
whilst the other injected current into the axon to control
the local FM in a series of fixed steps. It was now possible
to record 7, directly and determine the direction of 7, at
holding potentials that depolarised (or hyperpolarised) the
axon over a wide range from its resting VM to the reverse
potential at the peak of the action potential. The VM under
these two conditions corresponded to the equilibrium
potentials of K f and Na +, respectively, and alteration of
the intracellular or extracellular ionic composition con-
firmed that the resting and active membrane potentials
changed as though the activity of these two ions controlled
VM under these two conditions (Hodgkin and Huxley,
1952a-c).

Such experiments cannot be carried out in the RPE
without modifications, and the methods of analysis are
discussed below. In practice, even in squid giant axon,
there are technical difficulties, for example, when the
voltage step begins, the current charges up membrane
capacitances, and therefore a transient current is seen that

requires nulling by a fast feedback amplifier.

6. Methods for analysing membrane mechanisms
6.1. The Ussing chamber

This consists of two independent half chambers which
when joined seal an epithelium between them, creating an
apical and basal bath in which recordings can be made of
currents and voltage across the tissue (frog skin was the
first to be investigated). The resistivity across the RPE is
high (~2000Hcm?2) because tight junctions between cells
create an obstruction to the passage of most ions between
the cells (Joseph and Miller, 1991). Consequently, (almost)

all current must flow through apical and basal surfaces of

the epithelial cells. To record the trans-epithelial resistance
(TER) a 2-s pulse of 4 10mV is applied across the tissue.
The instantaneous current (7) is recorded and Ohm's law
applied to give the TER. There is also a trans-epithelial
potential (TEP), because apical and basal membranes have
differing voltages (due to the different ionic channels they
contain) and the TEP = F Basal- "“Apical (Levi and Ussing,
1949). The advantages of using an Ussing chamber are that
the RPE retains its cell-cell contacts and the interactions
between the RPE and the retina may be explored in detail.
With specific drugs, the intracellular signalling pathways
of RPE

physiology can be constructed. Hans Ussing introduced

can be modified so that a detailed picture
the short-circuit procedure in which the TEP was held at
zero volts by applying a current. When the ionic composi-
tion of the fluid on both sides of the epithelium is identical
and there is no net voltage difference across it, then the
electrochemical gradient across the apical and basal
membranes must be the same. Therefore, any current and
voltage changes across the preparation (or at either the
apical or basal membranes) must be due to the active
1953;
1968) (Fig. 3). The

of the

electrogenic (Ussing, Ussing and

1951; Voute and Ussing,

transporters
Zerahn.

short-circuit current is therefore an indication

contribution of active processes (transporters) to ion and
water movement. In contrast, the open-circuit current is
the current that results from the electrochemical driving
forces across ionic channels plus a contribution from the

active transporters.

Open circuit Closed circuit (shorted)

aurertn Aerpar2

(A) ~120mv

Fig. 3. Open- and closed-circuit recording in an Ussing chamber. In the
open circuit a TEP is recorded that is due to the net difference between the
voltages across apical and basal RPE membranes plus the voltage caused
by any ionic current flowing extracellularly between the cells. In the short-
circuit condition the TEP is held at zero by an applied current. When the
apical and basal baths have identical ionic concentrations and the
potential across the tissue is zero the electrochemical driving force upon
sodium and potassium channels will be the same for both membranes and
a negligibly small current should flow through such channels. However,
the current resulting from active transport of ions will continue. This
currentis “backed o ff' by the applied current, and in RPE is the net efflux
of Na+ produced by the electrogenic Na K.-ATPase transporter. From
Voidte and Ussing (1968). Reprinted with permission from the Journal of

Cell Biology.
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For work in mammalian RPE preparations at 37 °C, a
modified Kreb’s solution perfuses the apical and basal sides
of the tissue. The chamber design allows for rapid changes
of bath solution as well as the addition of agonists or
inhibitors to investigate their effects on VM (Miller and
1977a; 1983).
Changes in the TEP can be caused by either alterations

Steinberg, Linsenmeier and Steinberg,
in VBasal or ~Apical- A depolarisation of KBasai causes the
rise in the TEP observed in the light rise of the EOG
(Gallemore and Steinberg, 1989b) and the c-wave of the
ERG is associated with a hyperpolarisation of ~Apical
(Oakley and Green. 1976).

The RPE can be modelled as an electrical circuit as in
Fig. 4 (Miller and Farber. 1984). In the short-circuit state
when the TEP = 0mV, the resulting current is equal to
'pump and in bovine preparations this current is due to the
active transport of CI and HCOs from the retinal to the
choroidal surfaces and N a+ in the opposite direction.
Experiments in the open- and closed-circuit states using
intracellular microelectrodes combined with radioactive
flux measurements have shown how the changes in ionic
fluxes accompany alterations in net fluid transport (Joseph
and Miller, 1991; Kenyon ct al., 1997; Miller and Edelman,

1990).

Fig. 4. The electrical circuit model ofthe RPE of Miller and Farber (1984)
in which the apical and basal membranes are electrically coupled by a
finite shunt resistance Rs that represents the paracellular resistance o f the
tight junctional complexes and edge tissue damage. The apical and basal
membrane voltages ( FApit,|) and (F Basa|) are represented by two batteries
V Apical and V Basal in series with the apical and basal membrane
resistances (/¢ Apical) and (/¢Basal), respectively. At the apical membrane,
an active transport current represented by /j,UMp is independent of
membrane voltage. As the potential across the apical membrane is greater
than that of the basal membrane (owing to the differences in ionic
channels and conductances of each membrane) a shunt current (/) flowing
from the apical to basal membrane, depolarises the apical membrane and
hyperpolarises the basal membrane. Reprinted with permission of the

Journal of General Physiology.

6.1.1. Fluid transport

Microelectrode studies of amphibian and mammalian
RPE preparations have provided insights into the bulk
movement of solutes and fluid. In light, the movement is
from the subretinal space to the choroid (absorption)
(Bialek and Miller, 1994; Edelman ct al., 1994b; Hughes
ct al., 1984; Scllner, 1986; Tsuboi and Pederson, 1988) and
in darkness the process reverses— from choroid to retina
(secretion) (Edelman et al., 1994a, b). In mammalian, avian
and amphibian species the apical membrane of the RPE
contains the electroneutral Na K-2Cl cotransporter, the
Na K-ATPase electrogenic pump and a large K ' con-
ductance (Miller and Edelman, 1990) that work together to
control subretinal space and RPE cell-volume (Adorante,
1995; Adorante and Miller, 1990; Lin et al.. 1992).

One method to determine the direction of ionic fluxes is
to measure the net movement of trace amounts of
radioactive isotopes from the apical to basal and basal to
apical surface of the RPE mounted in an Ussing chamber
in the open- and closed-circuit states. In the open circuit,
the difference in unidirectional fluxes gives the net solute
flux and the direction of fluid transport. In the closed-
circuit state, the contribution to the ionic flux is that of the
active transporters alone (Edclman ct al.. 1994a; Hughes
et al.. 1984; Miller and Farber. 1984; Rymer et al.. 2001).

To record the minute volume changes over time, a rate of
4-6pl/h/cm2 (Hughes et al.. 1984). a modified chamber was
made from a water impermeable plastic in which each half
chamber was sealed except for a small cannula that
connected it to a vertical column of the bathing Krcb's
solution. A capacitance probe was placed above each
meniscus and as fluid flowed from cither the apical or basal
baths through the RPE the air gap above each meniscus
changed and thus altered the capacitance as a direct function
of fluid transport (Hughes et al.. 1984; Miller et al., 1982;
Peterson et al., 1997). For further details on these techniques
see Gallemore et al. (1997) and Marmor (1990).

Application of ouabain to the apical but not basolateral
membrane of frog RPE led to a rapid depolarisation of the
apical membrane followed by a slower decrease in the TEP.
This suggested that an apical Na K ATPase pump was
present and potentially played a role in fluid regulation
owing to its regulation of F Apicai (Miller et al., 1978; Miller
and Steinberg. 1977a). However, later experiments showed
that the Na- K-ATPase pump was not the main transpor-
ter involved with bulk fluid movement and in fact fluid
transport was more sensitive to external HCO0s (Hughes
et al., 1984). Furthermore, a role for intracellular second
messengers such as cAMP was implicated as fluid absorp-
tion was reduced in its presence (Hughes et al., 1984, 1987,
1988). At the
Cl HCOs antiporter was identified in frog that exchanged
(Lin and Miller,

1994). This system provided a means of coupling fluid

basolateral membrane a pH sensitive

intracellular H C 0s for extracellular Cl
transport to changes in pHm. The TEP also provides a

driving force for the passive transport of Na 1 ions via the

paracellular pathway resulting in a net movement of NaCl
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in light (Bialek and Miller, 1994; Tsuboi and Pederson,
1988). At the apical membrane, the increased HC O s influx
maintains KApica] at a more hyperpolarised potential than
VBasal (Hughes et ah. 1989).

In isolated frog eyecups, pH sensitive microelectrodes
were used to record the changes in pH at different retinal
depths in response to changes of light and dark. It was
found that in light the pH of the subretinal space increased
1989). This change could be

attributed to either to a decrease in photoreceptor activity

slightly (Borgula et ah,

accompanying the decrease in dark current (Hagins et ah,
1970)
Na+~2HCC»>s cotransporter, leading to mild alkalisation
of the subretinal space (Lin and Miller. 1991).

The direction of fluid transport is largely determined by
alterations in subretinal [K ‘Jollt (Oakley, 1983; Oakley and
Green, 1976; Oakley and Steinberg, 1982). In darkness

photoreceptors are active, and sodium flows into the outer

or a decrease in the activity of the apical

limbs. It is expelled by a Na-K ATPase exchange pump in
the inner limb. Therefore a “dark current" circulates along
the rod axis. In light, the outer limb sodium channels close,
and the rod hyperpolarises. The pump continues for some
time, depleting the subretinal space of potassium (Brown
and Pinto. 1974; Korenbrot and Cone, 1972; Penn and
Hagins. 1969; Sillman et ah, 1969; Toyoda et ah. 1969).
apical RPE
membrane that is one component of the c-wave of the
ERG. The
electroneutral Na K 20

This causes a hyperpolarisation of the

apical membrane potassium channel, the
cotransporter and the electro-
genic Na*~HCC>s cotransporter respond to changes in
subretinal [K +]JOUL When the dark current is present and
the subretinal [K 'Jout is ~5ntM then FApicai is largely
maintained by the potassium concentration gradient across
it, and under these conditions, the Na+~H CO0s cotran-
sportcr is active passing sodium and bicarbonate into the
cell down the favourable electrochemical gradient: the
sodium is then pumped out again, in exchange for
potassium (there is also an apical Nas H 1 that also
regulates pHin (Lin et al.. 1992; Zadunaisky et a!., 1989).
The net result is a mild alkalinisation of the RPE cytosol.
This elevated pH,n stimulates the basolateral c1 HCO)
exchanger which causes an enhanced basal flux of Cl into
the RPE. Chloride ions then exit through the apical
1991a. b).
decreased potassium in the subretinal space and therefore
surface of the RPE
hyperpolarisation reduces the entry of negative ions like
HCOs into the RPE, (Oakley, 1977) resulting in a decrease
of pHjn and a decrease in the exchange rate of the
basolateral CI HCO3s (Tsuboi and Pederson, 1988; Bialek

and Miller. 1994). This explains how changes in retinal

membrane (la Cour. Light onset results in

the apical hyperpolarises. The

illumination alter the direction of fluid transport (Edelman
et al., 1994a,b; Lin and Miller, 1991, 1994). See Fig. 5
which represents work mainly on amphibian RPE pre-
parations. For further reviews of RPE fluid transport and
the equivalent circuit derivations, see Gallemore et al.
(1997) and Steinberg et al. (1983, 1985).

In darkness the [KCpis - SmM

Fig. 5. Schematic representations of the ionic fluxes in the RPE during
light (top) and in dark (bottom). In light, there is steady state absorption
of fluid and salts from in the retina to choroid maintained by the apical

active Na-K ATPase pump that extrudes Na against its electrochemical
gradient. Arrows approximate the relative contribution ofeach channel to
ionic fluxes. The apical Na K 2C1 cotransporter uses the energy from the
Na+ gradient to return CT into the cell against its electrochemical
gradient. At the basolateral membrane. Cl leaves via chloride channels
(two types are shown in the diagram). In light, the intracellular pH is 7.3
because the apical membrane Na+ H + antiporter exchanges sodium for
hydrogen ions, and the influx of HC O ) decreases as the apical membrane
hyperpolarises creating an unfavourable electrochemical gradient for
HCO). In darkness, when the rod dark current is restored there is a rise in
subretinal [K +] and the apical membrane depolarises. This apical
depolarisation then increases the influx of sodium and bicarbonate by
the Na f ~2HC O ) cotransporter and as a result the cell interior alkalises to
pH 7.5. The elevated intracellular [HC O )] then activates the basolateral
CP-HCO) antiporter that reverses the direction of net fluid movement
from absorption to secretion by returning CL ions back to the subretinal
space. Figure based upon those of Hartzell and Qu (2003). Quinn and
Miller (1992).

W hilst the Ussing chamber and intracellular recordings
provided valuable insights into the mechanisms involved in
regulation of cell pH, the volume of the subretinal space
and the principal transporters involved in these activities,
the wunderlying kinetics and properties of these ionic
enabled

single cells and isolated

channels required a different technique that
recordings to be made from
populations of ionic channels in which the intra and

extracellular environment can be controlled.
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6.2. Patch clamp

Hodgkin’s and Huxley’s work on the squid giant axon
enabled them to record membrane voltage and current, and
also to control both the internal and external ionic
composition. This was not possible with small cells until
the development of the patch clamp technique (Hamill ct
al., 1981; Hamill and Sakmann, 1981; Neher and Sakmann,
1976, Neher et al.,, 1978; Sigworth and Nehcr, 1980). A
glass micropipette with a tip diameter of 0.5-1 pm is heated
(fire polished) in a microforge until its tip is smooth. It is
filled with a solution that mimics the intracellular ionic
composition and then advanced to the cell membrane,
which adheres to the glass so that the resistance between
the interior of the pipette and the extracellular fluid rises to
>100 M il If suction is applied to the pipette, the
resistance may rise to 104 10"il This is known as the
cell-attached configuration. A second (reference or bath)
electrode is placed in the bath surrounding the cell: usually
it is a Ag/AgCl pellet connected via an agar-salt bridge.

If the cell membrane in the microelectrode tip contains
channels or other ionic transporters the resistance of the
patch is less than between microelectrode and the bath. The
total membrane resistance of the rest of the cell is very
much lower, and therefore the voltage between microelec-
trode and bath approximates to the membrane voltage
minus a liquid junction potential between microelectrode
tip and bath fluid (due to the different ionic compositions)
that must be determined experimentally or calculated
1991; Neher, 1992; Ng and Barry,

1994). Any small current flowing causes a relatively large

(Barry and Lynch,

voltage change inside the patch electrode. Thus the current
of single channels can be monitored.

When VM is held or clamped at a range of hyperpolaris-
ing and depolarising voltages for 50-250ms the membrane
current changes and stabilises, and after 1.2 s another
“holding potential” can be applied. Software does this
automatically and provides a plot of the /-7 curve. The
slope indicates the instantancous conductance at each of
the voltage steps. An ion channel giving a simple linear
current/voltage relationship over the entire range of
membrane voltage has an Ohmic / ¥V curve. An example
of such an ionic channel is the cystic fibrosis transmem-
brane conductance regulator (CFTR) (Riordan et al.. 1989;
Rommens et al.. 1989) located at the apical and basal
membranes of foetal RPE (Blaug et al.. 2003). Rectifying
channels have non-Ohmic I Vcurves. An inward rectifying
channel is one in which a hyperpolarising voltage produces
a greater inward current than the outward current
produced by an equivalent depolarising step. Therefore,
in such an 7-V curve the slope is greater at membrane
voltages more negative than the resting membrane voltage.
An example is the found in the apical
membranes of the RPE (Hughes and Takahira, 1996). The

outward rectifying currents have the reverse characteristic.

Kyir channel

The conductance increases for depolarising membrane

steps more than it decreases for hyperpolarising voltages

steps. An example is the K 1 outward rectifier identified in
human (Hughes et al., 1995) and bovine RPE (Takahira
and Hughes. 1997).3

7. Origins of the light rise

The slow rise in the TEP in animal preparations is
related to the light rise in the human light-EOG. It is
caused by a depolarisation of the basal membrane of the

RPE, so the net difference between basal and apical

membrane voltages increases. This slow rise must be
produced by a “second messenger” within the cytosol of
the RPE. Therefore, for the light rise the entire sequence
must be that the retina liberates a chemical (referred to as
the “light substance”) that, binding to a receptor in the
apical membrane of the RPE, liberates an internal “second
messenger”. The second messenger causes the increase in

basal Cl conductance. The light-EOG is shown in Fig. L

'‘Once a G il seal is formed in the cell-attached mode there are several
possible manipulations ofthe cell membrane in which to explore the ionic
channels and their properties (Hamill and Sakmann, 1981; Hamill et at.
1981). In whole cell recordings suction is applied to the microelectrode to
break the patch, which then makes a low-resistance pathway to the cell
interior. Then, in small cells the total average response of all the ionic
channels in the cell membrane can be recorded. However, cytosolic
signalling molecules are diluted by mixing with the solution in the
micropipette, and the pipette solution cannot be easily modified (Lapointe
and Szabo, 1987; Soejima and Noma, 1984; Tang et al.. 1990).

The perforated whole cell configuration better maintains intracellular
contents. The micropipette contains nystatin (Horn and Marty, 1988) or
amphotericin B (Rae et al.. 1991). These substances form small pores
within the cell membrane through w'hich large molecules and organelles
cannot pass. This configuration that has been widely used to examine the
currents in amphibian, mammalian and cultured RPE cells (Hartzel! and
Qu, 2003; Hughes and Segawa. 1993; Hughes and Steinberg. 1990; Hughes
and Takahira. 1998; Mergler et al., 1998; Rosenthal and Strauss. 2002;
Slieu and Wu. 2003; Strauss et al.. 1993. 1997. 1999. 2000; Strauss and
Wienrich. 1993, 1994; Takahira and Hughes, 1997; Ueda and Steinberg,
1994. 1995; Valtink et al.,, 1999; Wen et al.. 1993. 1994; Weng et al., 2002;
W ills et al., 2000). Manipulation of the pipette and bath solutions can be
used to isolate specific ionic currents in the whole cell. For example,
addition of BaCL to the bath solution will intensify Ca2+ currents and the
addition of CsCl and tetraethylammonium inhibits K ' currents (Ueda
and Steinberg. 1993. 1995).

Alternative configurations can be made once the seal has been
established. In the inside-out configuration after the patch has formed, the
pipette is withdrawn, so that the membrane is torn from the cell. The bath
fluid becomes equivalent to the intracellular environment and can be
modified (Hamill and Sakmann. 1981: Hamill et al.. 1981). The small
excised patch contains only a few channels and when these open and close
large proportionate changes in total membrane conductance occur.
Therefore, the characteristics of the ionic channels can be investigated
fully.

Once the microelectrode has made contact with the surface of the cell,
suction applied slowly allows the cell membrane to balloon into the tip.
Eventually the tip becomes sealed in such a way that the inside of the cell
membrane faces the pipette solution. The pipette is then withdrawn, and
separated from the rest ofthe cell membrane. The outer membrane surface
now faces the bath forming the outside-out configuration. Direct activation
of ionic channels by agonists added to the bath is made easier but this
configuration is difficult to achieve unless the cell is attached firmly so that
enough force can be applied to remove the patch from the cell membrane
(Hamill and Sakmann, 1981; Hamill et al., 1981).
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The most notable contributions are by Roy Steinberg and
Sheldon Miller and their collaborators (Bialek et al., 1995;
Gallemore et al., 1988; Gallemore and Steinberg. 1989a, b,
1993; Griff and Steinberg, 1982, 1984; Joseph and Mailler,
1991; Linsenmeier and Steinberg, 1982, 1983, 1984; Oakley
and Steinberg, 1982; Valeton and van Norren, 1982).

7.1. What cells initiate the response?

Griff and Steinberg (1982), Linsenmeier and Steinberg
(1982), Valeton and van Norren (1982) used a combination
of intra-retina) microelectrodes, combined with reference
electrodes sited in the subretinal space or retro-ocularly, to
prove that the light rise originated in the RPE (see Fig. s).
Previously it had been supposed that much of the voltage
change could develop in the retina. The mechanism of
production was investigated by measuring the spectral

sensitivity of the process. There was a simple relationship

Light peak

Jo-5 mV

10 min

Fig. 6. Intracellular microelectrode recordings from the RPE in a
retina- RPE preparation of Gecko. Voltages across the apical and basal
faces of the RPE are recorded separately by extracellular electrodes placed
in the subretinal space or in choroidal side of the RPE. These electrodes
also recorded the TEP. The light rise potential develops across the RPE
(middle trace) with no contribution to the potential by the retina (lower
trace). From G riff and Steinberg (1982). Reprinted with permission of the
Journal of Physiology.

to light intensity, and blue green light being most effective,
showing that the light that was being absorbed by the rods.
Similar results in man had been described by Arden and
Kelsey (1962b). But how then could the rods influence the
RPE? Steinberg noted that the change in the RPE was
dependent on stimulus area (Linsenmeier and Steinberg,
1982). The obvious explanation was that some substance
generated by light, moved from the rods to the RPE: the
concentration depended upon the light intensity, and also
upon whether the substance could diffuse away into un-
illuminated portions of the subretinal space. Such experi-
ments did not prove that the light rise substance was
generated in photoreceptors: the light rise might be
produced as a post-synaptic result of rod activity, as was
proposed by Gouras and Gunkel (1963), who found that in
central retinal vein occlusion, the light-EOG was reduced.
However, Gallemorc et al. (1988) showed that when post-
receptoral activity was blocked the light rise was unaffected
thereby demonstrating that the light rise substance,
however it was generated, was released by the rods. The
absence of the light rise in patients with early retinal
evidence that the light rise

dystrophies also provides

substance is generated in rods (Arden, 1962).

7.2. RPE involvement and the hasolateral membrane

In order to quantify the contribution of the apical and
basal membranes to the EOG as well as the role of the
neural retina in the generation of the light rise, prepara-
tions of intact RPE-retina were mounted in modified
Ussing chambers. The resistance across the tissue fell
during the light peak. By introducing a microelectrode into
the RPE

differentially by referencing the intracellular electrode to

it was possible to record pBasai and “Apical
the basal and apical bath electrodes, respectively. Griff and
Steinberg (1982) were able to show that during the light
peak, net membrane voltage decreased, but the basal
membrane depolarised more than the apical membrane,
TEP.
not prove which membrane caused the light rise. Griff

and Steinberg (1982), Linsenmeier and Steinberg (1983)

increasing the However, these observations did

passed current pulses between apical and basal electrodes
while monitoring the membrane voltage changes caused
across each membrane (AF Apica] and A LBasai). Some of the
injected current passes via the paracellular pathway in
parallel to the membranes and so the absolute values of
the resistance of apical and basal membranes could not
be determined. Instead, the ratio of the resistances (the

«-value) was obtained (Eq. (5)).
it = A 1"Apical/A LBasal ~ ~Apical/R[lusul (5)

when the «-value is taken together with the changes in total
tissue resistance then it is possible to determine at which
membrane the greatest change in resistance occurs. In
lizard (Griff and Steinberg, 1982), cat (Linsenmeier and
1983) and chick 1988;
Gallemore and Steinberg, 1989b, 1991), L Basai depolarises

Steinberg, (Gallemore et al.,
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in response to light with a rise in conductance, but the

voltage change across the apical membrane was not
accompanied by a change of conductance. Today it is
technically possible to measure the paracellular resistance
directly, without the contribution of “edge effects” (Gitter

et ah, 1997).

7.3. Chloride channels

The depolarisation of the basal membrane could be
achieved ecither by a negative ion exiting the cell or a
positive ion entering the cell. Evidence that the light rise
was mediated by an increase in basolatcral Cl conductance
was shown when four CP channel blockers all abolished
the light rise in chick (Gallemore and Steinberg, 1989b).

Furthermore, Cl sensitive microelectrodes inserted into

chick RPE showed a decrease in the intracellular CI
activity that matched the light rise (Gallemore and
Steinberg, 1993). Therefore, negative Cl ions leaving

through the basolateral membrane must cause the light
rise. From this it follows that the light rise substance must
initiate the release of some second messenger within the
RPE that in its turn modulates basolateral membrane Cl
conductance.

However, the identity of the Cl channels responsible for
the EOG and FOs has not been fully resolved, but with the
advent of new compounds that are able to selectively block
chloride channels, this should soon be accomplished. It
should be noted that different species might have different
types of CI channel, which may not all respond in the same
way to the second messengers. Another issue is the role of
calcium in regulating the basolateral Cl currents that
cause the light rise Hofmann and Niemeyer (1985) showed
that the light rise was reduced by an increase of [Caz <]Jout
and so Ca~+ is presumed to play some role in initiating the
light rise. CFTR is not directly affected by Ca2' and as the
amplitude of the light rise is normal in cystic fibrosis (CF)
this CF channel is not thought to be directly involved in the
light rise (Miller et al.. 1992; Lara et al.. 2003). It is likely
that the CL channel responsible for the light rise is gated by
Ca_T and current evidence suggests that bestrophin is the

channel responsible (see below).

8. Signalling pathways

The study of fluid transport in Ussing chambers along
with microelectrode recordings and patch clamp experi-
ments has yielded a large understanding of the ionic
currents found within the RPE (Gallemore et al., 1997).
Regulation of the ionic channels and gating by second
messengers is fundamental to the generation of the light-
EOG

signalling pathways and messengers that are involved in

and FOs and so we will briefly outline the key

ionic channel gating. For a detailed review of second
messenger signalling pathways in the RPE see Nash and
Osborne (1996).

8.1. G-proteins

One way in which a cell communicates with the external
environment is via special membrane-spanning proteins
that combine with particular chemicals (ligands) in the
extracellular fluid. The communication is via an enzyme
cascade that amplifies the signal. The intracellular term-
inals are associated with specialised G-proteins, (often
distinguished by a subscript, e.g. Gsor Gq) which dissociate
from the receptor when it binds to the extracellular signal.
The receptor binds extracellularly, often to a single ligand
which can be an ion, organic odorant, amine, peptide,
protein, lipid or nucleotide. In the olfactory receptors in the
nose, the receptor binds to odoriferous substances (Breer,
2003) and in the photoreceptor, rhodopsin, the receptor
molecule, absorbs a photon of light. The first suggestion
that a conformational change in a protein could lead to a
sequence of biochemical changes in the eye was due to
Wald (1968), who postulated that the cis- trans isomerisa-
tion of rhodopsin by a photon could initiate phototrans-
duction. The binding of the ligand to the receptor initiates
the first enzymic step, the activation of G-proteins (for
review see Kristiansen (2004)) which consist of hetero-
trimeric isomers (proenzymes) (Gxp.) (Cabrera-Vera et al.,
2003; Gilman, 1987; Pierce ct al.. 2002) that dissociate into
Gy, and Gji; complexes. The dissociated fragments are active
enzymes, which are capable of acting synergistically or as
antagonists to rapidly alter the activity of ionic channels
and intracellular signalling molecules. For example, Gs is
coupled to the /(-adrenergic receptor which when stimu-
lated causes its dissociation into an active enzyme, whose
function is to transform another proenzyme, membrane
bound adenylate cyclase (AC) (Rodbell et al., 1971) into a
fully active enzyme that forms cAMP utilising ATP as a
substrate (Friedman et al.. 1987). Generation of cAMP then
activates protein kinase-A (PKA) that is able to phosphor-
ylate proteins and ionic channels and thereby modulate
their function (Anderson et al., 1991c). Another example
which
(transducin) that then

is photoexcited rhodopsin complexes with the

G-protein activates membrane
bound phosphodiesterases. The latter catalyses the hydro-
lysis of cyclic guanosine monophosphate (¢cGMP) to GMP
which closes down outer segment cation channels (Fung
ct al.. 1981; Fung and Strycr. 1980).

A different but equally important intracellular transduc-
tion pathway is provided by Gq which activates phospho-
lipase C-/i (Smrcka et al., 1991) through hydrolysis of the
plasma membrane phospholipid phosphatidylinositol-4,5-
bisphosphate, (Mitchell, 1982a,b) into 1.4.5-
triphosphate (IP3) and diacylglycerol (DAG) which then

act as second messengers to raise [Caz+]in which then

inositol

modulates the activity of ionic channels either directly or
through the activation of protein kinase-C (PKC). The
conductance of some ionic channels changes when they are
phosphorylated by PKC (Strauss et al., 1997). IPs binds to
a receptor on the endoplasmic reticulum (ER) to release

intracellular Ca2+ (see below). DAG is also involved in the
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release of the polyunsaturated fatty acid arachidonic acid
which
second messengers (Piomelli and Greengard, 1990; Shimizu
and Wolfe. 1990; Sigal, 1991).

from the plasma membrane is metabolised into

8.2. Protein tyrosine kinases

One additional means of ionic channel control is through
protein tyrosine kinases (PTKs) that are membrane-bound
proteins that act as enzymes by directly phosphorylating
tyrosine residues in intracellular target proteins after
extracellular activation by growth factors such as epider-
pigment-derived growth
1992).

signalling pathways

mal growth factor, insulin or
1992;

Integration of PTKs and G-protein

factor (Glenncy. Schlessinger and Ullrich,
provides an alternative means by which G-protein activa-
tion and signalling pathways can interact with PTKs to
modulate cell physiology (Waters et al,, 2004). Of interest
in this review are the non-receptor tyrosine kinases that
belong to the sir protein family and lack an extracellular
binding domain but retain an intracellular tyrosine kinase
These PTKs
regulation of Ca~+ channels and homeostasis and will be
1997. 2000: van der Heyden

catalytic domain. also play a role in the
discussed later (Strauss et ah,
et ah. 2005).

9. Ionic channels of the RPE involved in the EOG
9.1. The calcium activated chloride channel

A rise in intracellular calcium [Caz+]in is believed to
generate the light rise by gating open a basolateral calcium-
activated chloride channel (CaCC). It should be noted that
evidence for Ca_+ being the intracellular second messenger
is indirect, and based upon normal light rises in CF with
abnormal FOs (Lara et ah. 2003; Miller et ah. 1992). In the
artificially perfused cat eye a reduction in the light rise
occurs when extracellular [Caz '] is increased, although the
FOs and c-wave are unchanged (Hofmann and Niemeyer.

1985). The abnormal FOs in CF
CFTR in the generation of this response. Therefore, the

implicates cAMP and

presence of a normal light rise in CF suggests the ionic-
mechanisms are different for the FOs and light rise (Blaug
et ah. 2003). Furthermore, the FOs are normal in Best's
with a reduction in the light rise which further suggests that
the light rise and FOs different
mechanism with presumably different
1989). (See below for the

differential effect of abnormalities of bestrophin on the

have a underlying

basolateral ionic

channels responsible (Welcber,

light rise and FOs for additional evidence).

CaCCs were first identified in Xenopus oocytes where a
rise in [Caz Jjn following fertilisation led to a depolarisa-
tion of the oocytes that prevented further entry of sperm
(Barish, 1983; Miledi. 1982). CaCC

regulation in the RPE (Peterson et ah, 1997; Rymer et ah,

is crucial for fluid

2001 ) as it is in the genesis of many other secretions such as
saliva (Melvin ct ah. 2005) and tears (Mirchcff. 1989). A

- . 13

partially inhibitable CaCC current by 4,4'-diisothiocyanos-
tilbene-2,2'-disulphonic acid (DIDS) was first identified in
neo-natal rat RPE (Ueda and Steinberg, 1994). However,
these currents were short-lived and not always recordable
indicating that they were probably dependent upon a
compound that was lost during the whole-cell recordings
(Botchkin and Matthews, 1993).

In cultures of normal rat RPE, the CaCC currents were
stimulated by release of Ca2* from the ER stores via IP3.
To avoid depletion of calcium stores in rat RPE, PTKs
initiate an influx of C ;rT from the extracellular space via a
Ca~+ channel which is described
1997, 1999).4 CaCC currents have
been reported in Xenopus but display different activation
and kinetics (Hartzell and Qu. 2003; Strauss et ah, 1999).

CaCCs are also sensitive to pHin and may help to buffer

voltage gated L-type

below (Strauss et ah.

extracellular acidification by HCOs conductance (Zhang
ct ah, 1992).

Bovine and human foetal RPE monolayers mounted in
Ussing chambers all show an increased basolateral CL
conductance following elevation of [Caz 1]j,, provoked by
adrenergic agonists, epinephrine and isoprotenerol (Quinn
ct ah. 2001; Rymer et ah, 2001). synthetic or ATP purincrgic
1997).
and the non-steroidal anti-inflammatory drug, niflumic acid
(but not flufenamic acid) (Bialek et ah. 1996). Whether Caz+
binds

dependent protein kinase remains to be determined. All

agonists (Maminishkis et ah. 2002; Peterson et ah,

directly to the protein or acts via calmodulin-
these agents stimulate a DIDS-sensitive increase in baso-
lateral Cl

some

conductance. The CF channel blockers available

show tissue with glibenclamide and
flufenamic acid showing no inhibition of CaCC and CFTR

in rat cerebral arteries (Doughty et ah, 1998). Generally, the

specificity,

permeability sequence of CaCC obtained from smooth
muscle, endothelial cells, lacrimal glands and Xenopus
oocytes is SCN >N 03>1 >Br >C1 >F* (Cornejo-Perez
and Arreola. 2004; Evans and Marty, 1986; Large and

4In the RCS rat (Bourne et ah, 1938; Bourne and Gruneberg, 1939)
where the RPL fails to phagocytose rod outer limbs and a retinal
degeneration results, it has been shown that this calcium channel is
abnormal (Edwards and Szamier. 1977; Gal et al., 2000). Its regulation is
altered allowing a greater inward Ca" current (Strauss and Wienrich.
1993). This may be an important cause of the inability to phagocytose rod
outer segments (Hall et al, 1991. 2002; Hetli et ah. 1995; Mergler et ah.
1998; Rodriguez de Turco et ah. 1992; Salceda. 1992). The chloride
channel blockers, niflumic and flufenamic acid, and DIDS and SITS all
modify the kinetics of voltage gated K + channels in myocytes (Wang
1997).

conductance in smooth muscle cells of the gut (Farrugia et ah. 1993).

et ah, Mefenamic and flufenamic acids also activate a K +
Flufenamic and niflumic acids also activate large-conductance Ca~ +-gated
KL channels (Gribkoff et ah. 1996; Ottolia and Toro, 1994) and these
drugs blockers also inhibit nonselective cation channels (Chen et ah, 1993;
Gogelein et ah. 1990). In mast cells separate membrane Ca‘+ and CD
currents were inhibited by DIDS whilst only the CL current was inhibited
with niflumic acid (Reinsprecht et ah, 1995). The interactions of the
other ionic channels has made

various CL channel blockers with

interpretations of CI channel function difficult and often high doses of
these drugs are required to have an effect (Flings et ah. 2000; Hartzell

et ah, 2005a; Jenlsch et ah, 2002; Qu and Hartzell, 2000).
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Wang, 1996; Niliuset al.. 1997; Qu and Hartzell, 2000). This
is the same as the sequence for bestrophin (Qu ct al., 2004)
which also generates calcium-dependent CT currents (Qu et
al., 2003; Sun et al., 2002; Tsunenari et al.. 2003).

9.2. Bestrophin—a CaCC?

Best’s vitelliform macular dystrophy 1is an inherited
autosomal dominant disease with a variable age of onset
from childhood to adulthood (Renner et al., 2005) and is
characterised by a central vitelliform (poached egg) lesion
at the macula. The retina over the Ilesion becomes
damaged, leading to loss of visual acuity. However, the
underlying fundamental process is found throughout the
entire retina because the light rise of the EOG is absent
(Barricks. 1977, Cross and Bard, 1974; Deutman, 1969;
Francois et al.. 1967; Renner ct al.. 2005; Thorburn and
Nordstrom, 1978)."

The gene responsible for Best’s (VMD2) has been
identified (Forsman et al., 1992; Marchant et al., 2001;
Marquardt et al., 1998; Petrukhin el al., 1998; Stohr et al..
2002; Stone et al.. 1992; White et al., 2000; Yoder ct al..
1988). It codes for a protein, designated bestrophin. which
is specifically expressed in the basal surface of the human,
porcine and macaque RPE (Marmorstein et al.. 2000).
Cultured foetal human RPE cells express bestrophin when
grown in specifically defined medium (Hu and Bok. 2001)
while the human ARPE-19 (Dunn ct al., 1996) and D407
(Davis et al., 1995) and rat (RPE-J) (Nabi et al., 1993) RPE
cell lines are positive at the messenger level for bestrophin.
The protein was not detected using western blots in these
cell lines (Marmorstein ct al.. 2000).

Bestrophin was predicted to form an ionic exchanger
based upon the amino acid sequence (Gomez et al., 2001).
Transfection of one of several isoforms of human
bestrophin (hBcstl) into cell lines demonstrated anionic
currents with mutant bestrophin inhibiting wild-type
bestrophin currents that were activated by [Caz flin (Qu
et al., 2003. 2004; Sun ct al., 2002; Tsunenari et al.. 2003).
Hartzell et al. (2005a,b) demonstrated that site-directed
altered their SCN

conductance. Expression of mouse bestrophin (mBest2)

mutagenesis of bestrophin pores

into mammalian cell lines also demonstrated that the

product of mBest2 formed a Cl channel whose perme-

ability and anion selectivity could be altered by mutations
that strongly suggested that bestrophin was a Cl channel
(Pusch. 2004; Qu and Hartzell. 2004).

‘There are a few caveats to be made: Whilst similar lesions occur in
‘pseudovitelliform dystrophy' there is no significant reduction in the light-
EOG (Epstein and Rabb, 1980; Kingham and Lochen, 1977; Marmor,
1979; Sabates et al.. 1982; Theischen et al.,, 1997). Furthermore, some
individuals with VM D2 and vitelliform lesions have normal light-EOGs
(Pollack et al.. 2005). Histopathological studies in Best's reveal
abnormalities ofthe RPE, neovascularisation, photoreceptor degeneration
and accumulation of lipofuscin and melanolipofuscin but these do not
pinpoint the fundamental cause of the disease (Frangieh et al., 1982;

O'Gorman et al.. 1988; Weingeist et al.. 1982).

Two human bestrophin homologues investigated (hBestl
and hBest2) have different permeability sequences. They
show a high permeability for NOs that suggests bestrophin
is also permeable to bicarbonate ions (Sun et al., 2002). /-V
curves for four human bestrophin proteins have different
characteristics with hBest2 and hBest4 being almost linear
and hBest3 shows strong inward rectification and hBestl
has moderate outward rectification (Sun et al., 2002;
Tsunenari et al., 2003).

The way bestrophin might regulate the light rise is not
completely determined (some bestrophin mutations can
produce phenotypes that are different to classical Best's
disease). In addition to the calcium activation described
above, there are also phosphorylation sites that may
regulate gating (Marmorstein et al., 2002). In one study
mutant versions of bestrophin were expressed in basal
of RPE following

an adenovirus vector into rats. The authors found that

membrane subretinal injections of
while wild type increased the light rise, the constructs
(W93C and R218C)

(and changed the time course of) the light rise, and could

from Best’s selectively reduced
thus serve as a model for Best’s disease. There were
no significant effects on the FOs or ERG components,
but detailed analysis of the sensitivity to light revealed
some differences between the rat model and human
patients (Marmorstein et al., 2004). The likely candi-
date for the light rise Cl channel is bestrophin. Two
cloned into Xenopus laevis

currents (Qu et al., 2003,

bestrophin genes oocytes
express Ca'"+-activated Cl
2004; Qu and Hartzell. 2004).

The molecular identity of this “ionic channel” is
unknown despite the fact that the basic voltage depen-
dence, anjon selectivity and kinetics of this family of
channels has been described (Eggermont, 2004; Qu et al.,
2003). Recent evidence suggests that bestrophin regulates
Ca" entry into the RPE via an L-type Caz2 * channel
(Rosenthal et al.. 2005; Strauss and Rosenthal, 2005) and
this mediated influx of Ca2” may act directly upon
bestrophin or a separate CaCC to increase basolateral
CD conductance. There are reports of normal light rises in
Best's which further complicate this issue (Lorenz and
Preising. 2005; Pollack ct al.. 2005). This issue will finally
be resolved with the demonstration that the light rise is
absent in a knock-out animal model of Best's. However,
the animal studies to date support the model in which
bestrophin is the basolateral CL channel responsible for the
light rise (Hartzell et al., 2005b; Marmorstein et al.. 2000,
2004; Pinckers et al., 1996; Ponjavic et al.. 1999; Pusch,
2004; Qu et al., 2003. 2004). Recent evidence suggests that
bestrophin also plays a role in volume regulation with
decreasing current in response to hyperosmotic solution
(Fischmeister and Hartzell, 2005).

For further reviews on the molecular identity and
electrophysiology of Cl channels, see Begenisich and
Melvin (1998), Fuller and Benos (2000), Hartzell et al.
(2005a, b), Jentsch et al. (2002), Nilius and Droogmans

(2003). Pusch (2004).
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10. Calcium channels of the RPE

Calcium plays an important role in intracellular signal-
ling sequences (second messengers). In cultures of human
RPE a variety of peptides, growth factors, amino acids and
agonists have been shown to elevate [Ca24]in via IPs
generation and release of intracellular Ca2 " stores (Ammar
et al.,, 1998; Feldman and Randolph. 1993; Fragoso and
Lopez-Colome, 1999; Kuriyama et al., 1991, 1992; Quinn
et al., 2001). In addition, Ca2+ is required for binding and
ingestion of outer rod segments in cultured rat RPE cells
PKC plays a role in inhibiting
1991, 2001. 2002). Thus Cazs

homeostasis is vital for the RPE and the regulation of free

and together with
phagocytosis (Hall et al.,

cytosolic [Ca‘®4]jn is the responsibility of channels, pumps
and transporters located on the plasma membrane and
intracellular organelles. Resting cytosolic free [Caz+]in
in human cell cultures is estimated to be ~70-200nM
(Feldman and Randolph. 1993; Feldman et al., 1991;
Kuriyama et al.. 1991, 1992) which is significantly lower
than the millimolar extracellular concentration. However,
the total [Caz+]in in the RPE cell is higher due to storage in
both the ER and in melanosomes (Hess. 1975; Salceda and
Riesgo-Escovar. 1990; Salceda and Sanchcz-Chavez. 2000).
Ion selective microelectrode recordings in isolated cat
RPE retina show that the [Caz ’]Jollt in the subretinal space
decreases during illumination with the restoration depend-
ing upon the RPE (Galiemore et al., 1994; Livsev et al..
1990). Concurrently, the volume of the subretinal space
increases and during darkness must be reduced, a process
critically dependent upon [Ca2"]jn (Li et al.. 1994a, b). The
sequence appears to be that the rise in the volume of the
subretinal space deforms the RPE's membrane which leads
to “Ca" * signalling" via gap-junctions in normal rat RPE
cell cultures. It is of interest that in the Royal College of
Surgeon’s (RCS) rat RPE cultures (Himpens ct al.. 1999;
Stalmans and Himpens, 1997) such signalling is reduced.
Elevation of [Ca"4]n stimulates fluid transport from the
subretinal space by increasing basolateral Cl transport
(Maminishkis et al., 2002; Mitchell, 2001; Peterson ct al..
1997, Rymer et al.. 2001). For further reviews on Ca:

channels in the RPE. see Rosenthal and Strauss (2002).

10.1. Na+/Ccr+-exchanger anti Ca2f-A TPase pump

Efflux of Ca:
by wutilising the favourable high extracellular N a4

from the cytosol is in part accomplished
con-
centration maintained by the Na- K-ATPase exchanger.
The sodium-calcium exchanger (NCX) was first identified
in heart (Reuter and Seitz, 1968) and the squid axon (Baker
ct al.,, 1969). Three members of this family have been
identified. NCX1 is expressed ubiquitously and transports
3 Na 1+ for I Caz 1+ while NCX2 and NCX3 are limited to
brain and skeletal muscle. An NCX was identified in the
apical membrane fraction of bovine and fish RPE cells and
1993). One

proposed function of the NCX is the regulation of Caz2+

is inhibited by bepridil (Fijisawa et al.,

concentration in the subretinal space following light onset.
In man, cardiac NCX1 is present in both retina and RPE
although localisation to the apical or basal membranes in
1998;

Mangini et al., 1997). This exchanger is extremely fast and

the RPE was not possible (Loeffier and Mangini,

efficient and in heart muscle is responsible for the ending of
contraction by reducing cytosolic calcium. In the RPE it
could cause equally important and rapid changes, particu-
larly since the RPE
channels, but to date there have been no further studies

expresses voltage-dependent Caz 1

investigating the its role in the RPE despite its role in Caz 1
homeostasis.

Another mechanism that moves calcium across the
plasma membrane is the (Ca" 1 Mg24)-ATPase pump
(PMCA) (Kennedy and Mangini, 1996). PMCA hydrolyses
ATP to actively transport Ca" + against the concentration
gradient and thus, removes Caz2 + from the RPE’s cytosol
and thereby helps to maintain Ca: homeostasis in the
cytosol. It is not known whether PM CA in RPE is localised
to apical or basal surfaces of the RPE (Kennedy and
Mangini, 1996). There may be several isoforms of this
channel (Johnson et al.,, 1995). For further reviews, see

Philipson and Nicoll (1993) and Quednau ct al. (2004).
10.2. Voltage-gated Ca2+ channels (L-tvpe)

Whilst NCX1 and the PMCA provide a means of Cazs
exit from the RPE cell a means of Ca: influx is also
required. Voltage-dependent L-type Ca2" currents with a
very long time constant of de-activation (L = “long”) were
first observed in the heart (Orkand and Niedergerke, 1964).
The inactivation maintains long depolarising responses and
provides a means for sustained Ca_i entry into the RPE
down the favourable electrochemical gradient. L-type
Ca"+ blocked by

such as nifedipine, phenylalkylamines and benzothiaze-

channels are 1.4-dihydropyrimidines
pines. They are formed by five protein subunits (a,, o2, ;I 3
and <) with the at subunit forming the pore and defining
the type (Knaus ct al.,, 1990). Sec Catterall (2000) and
Perez-Reyes and Schneider (1995) for further details.

Such voltage-gated Ca2+ channels were first recorded in
fresh and cultured RPE cells from normal and dystrophic
rats (< 17 days post natal) (Ueda and Steinberg, 1993).
Whole cell Ca"" currents were inhibited with nifedipine or
cobalt and displayed strong inward currents when the
membrane was depolarised. Similar L-type Ca" currents
were observed in freshly isolated human, monkey and
cultured foetal but not subcultures of human RPE cells
(Ueda and Steinberg, 1995). These channels belong to the
neuroendocrine subtype (Strauss et al., 2000). Cultured
cells from RCS rats displayed an increased Cazs4 con-
ductance and a depolarised VM compared to normal rat
RPE cells (Strauss and Wienrich. 1993). The reduced VM
would affect the activation of apical voltage-dependent K 4
channels (Hughes and Takahira, 1996) that are essential
for fluid regulation of the subretinal space. The increased

Ca-4+ conductance may interfere with phagocytosis (Hall
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et al., 1991). The L-type Ca2+ channels in RCS rats show
altered regulation by PTKs and PKC (Merglcr et al., 1998).
L-type Ca_+ currents in cultured human and rat RPE cells
show dual regulation by PTK and PKC, with the level of
PKC activation determining whether PTK increases or
decreases the L-type Ca2+ current (Strauss et al., 1997,
1999, 2000). This dual
potential role for L-type Ca2+ channel autoregulation of
RPE by growth factors (Strauss et al., 1997). The altered
integration of PTK and PKC in RCS rat RPE cells may

underlie the retinal degeneration in this strain (Mergler

regulation was proposed as a

et al., 1998). Strauss’s group have identified that it is the
kinase
expressed in cultured RPE cells (Koh, 1992) that opens
cultured rat RPE cells by

membrane bound protein tyrosine (pp60c-src)

L-type Ca'+-channels in

phosphorylation with the pore forming c¢qD subunit

(Strauss et al., 2000).

10.3. Internal Cxi ' stores

Owing to the multiple functions of free Caz 4 within the

cell the [Ca~+]in must be finely controlled, and the
sequestration of calcium or the mobilisation of calcium
stores is one mechanism by which this may be achieved.
Ca2+ is stored within the ER and its regulation is
important in considering the generation of the light rise.
The conductance of ionic channels changes in less than a
millisecond, and pumps and transporters respond in the
time scale of seconds. In considering events with the
duration of the EOG internal calcium changes are very
likely to be important because they are related to the slow
activation of second messenger signalling pathways at the
inner surface membrane. Calcium is sequestrated in the
ER, and its slow release could account for more of the
delay in initiating the EOG light rise. Once released Caz+
could gate open the basolateral Cl channel responsible for
the light rise. Whilst there is no direct evidence that the ER
is the source of Ca~+ the clinical evidence on the nature of
the EOG demands that a totally intracellular mechanism
determines the current and voltage changes (Arden and
Wolf. 2000a).

Uptake of calcium into the ER is regulated by a

calcium ATPase pump (ERCA).s This is inactivated bv

"The calcium pump in the ER is inhibited by thapsigargin (Lytton et al..
1991) and/or cyclopiazonic acid (Kennedy and Mangini. 1996; Rymecr
et al.. 2001; Seidler et al.,, 1989). These drugs deplete Ca2+ stores by
inhibiting reuptake and are widely used to study Ca-+ regulation in the
RPE (Kennedy and Mangini. 1996; Rymer et al.. 2001). Physiologically.
ERCA isinhibited by phospholamban in its unphosphorylated state (Tada
and Kadoma, 1989). Phosphorylation of phospholamban by PKA-
dependent cAM P thus provides a means of control of [Ca2+], Thus, the
control offree calcium is regulated by cAMP and by [Ca2+]m itself. Much
ofthis work has been carried out in heart and skeletal muscle (Simmerman
and Jones. 1998) as well as the RPE (Peterson et al.. 1997; Rymer et al..
2001). Melanosomes also store calcium (Salceda and Riesgo-Escovar,
1990; Salceda and Sanchez-Chavez, 2000) of the RPE. Melanin granules in
the RPE have many important functions which are still under investiga-

tion although melanin does help to protect the RPE from oxidative stress,

the binding of a small unphosphorylatcd protein, phos-
pholamban (Kirchberger et al., 1975). This is an extremely
important point in the regulatory control of Caz2 4. The
phosphorylation of phospholamban by various kinases
operated on by second messengers exerts fine control over
cytosolic free calcium.

Ca“+ release from the ER is dependent upon IP3-R that
forms an ionic Ca2+ channel. This is another example of
the way the RPE is influenced by the extracellular fluid.
The sequence is that when receptors on the RPE membrane
combine with their specific targets, either a G-protein or
tyrosine kinase is activated, and this in turn changes a pro-
enzyme to a fully active isoform of phospholipase C (Nash
and Osborne, 1996). This lipase hydrolyses the membrane-
bound phospholipid (PIP2) and IPs and DAG are formed.
IPs can move in the cytosol to the ER where it binds to a
receptor that opens a Ca2+ channel and Ca2+ is released
into the cytosol. This release cuts short the activity of IP3-R
by negative feedback. For further reviews, see Bosanac

ct al. (2004). Berridge (1993), Ferris and Snyder. (1992).

11. Cystic fibrosis transmembrane conductance regulator

CF is a genetic disorder caused by several of the over
1000 mutations that have been identified in the gene
CFTR (Rich et al.. 1990). The gene
responsible for CFTR has been localised to q31 q32 on

encoding for

the 7th chromosome (Riordan ct al.. 1989; Rommens ct al..
1989). The intracellular portion of CFTR consists of two
nucleotide binding domains (NBD1 and NBD2) separated
by a large polar regulatory domain with nine sites for
phosphorylation by PKA and seven sites for phosphoryla-
tion by PKC (Riordan et al.. 1989). CFTR could be
considered to be an ATP-gated Cl channel. CFTR is
found in foetal RPE (Blaug ct al.. 2003). its” mRNA in
adult RPE (Miller et al.. 1992) where it transports ClI
(Knowles et al., 1983). Only a fraction of the mutations
changes in function.r The predominant

cause known

(footnote continued)
lipofuscin accumulation and the degradation of rod outer segments.
Melanosomes act as a further reservoir for intracellular Ca2+ (Drager.
1985; Panessa and Zadunaisky, 1981). Uptake of ( a
independent of ATP and probably relies upon a Ca: * 11

by melanosomes is
exchanger. See
reviews by Peters and Schraermeyer (2001) and Schraermeyer and
Heimann (1999) for further details.

7The gene for CFTR is found on chromosome 7 that encodes for a
protein. CFTR, consisting of 1480 amino acids forming two transmem-
brane spanning regions of six 2-helixes, with minimal exposure to the
extracellular space. Various classes of malformation occur. Class 1results
in the malformation of CFTR so that it does not reach the Golgi
apparatus. In class 11, the protein cannot leave the ER and consequently
there is an absence or severe depletion of CFTR at the plasma membrane.
In class 111, the gating of the channel is affected with the channel failing to
open following cAMP stimulation (Logan et al., 1994). In class IV the
conductance ofthe pore formed by the protein is reduced (Ashcroft, 2000:
Sheppard et al.. 1993; Welsh and Smith, 1993). CFTR belongs to the large
ATP-binding cassette family of transporters that actively transport a
variety of substrates and ions (Higgins. 1992; Stefkova et al., 2004). The

frequency of CFTR mutations varies between ethnic groups and countries
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CF is a
(Cutting et al.,

(A508) in deletion of
phenylalanine in NBDI 1990;
et al., 1990) that results in a CFTR unable to reach the
plasma membrane (Puchelle et al.. 1992). Therefore it is
degraded before reaching the Golgi (Yang et al., 1993). The
sequence of ATP-binding, hydrolysis and the interaction of

mutation Caucasian

Lemna

the R-domain and how these components interact to
regulate gating of CFTR have been debated by various
authors (Aleksandrov et al., 2002; Anderson et al., 1991a;
Baukrowitz et al.,, 1994; Gadsby 1999;
Gunderson and Kopito, 1995; Winter and Welsh, 1997).

Evidence now suggests that when ATP binds to NBD2 the

and Nairn.

two NBDs become protonated and form a dimer and this
opens the pore. Hydrolysis of ATP at NBD2 closes the
pore and disrupts the dimer (Vergani et al., 2005). Gating
of CFTR has recently been reviewed by Riordan (2005)
and Linsdell (2006). Phosphorylation of the regulatory
domain by PKA is also required to prime the channel for
opening (Li et al., 1988). CFTR currents are non-rectifying
when Cl1

membrane

symmetrical across the
1991b,c;
1991). The halide permeability sequence is now thought

to be I">Br >C1 >F (Tabcharani et al.. 1997).

concentrations are

(Anderson et al., Kartner et al.,

11.1. Role of CFTR in the RPE

Functional CFTR has not been demonstrated directly in
adult human RPE. However, CFTR protein is expressed in
cultured adult human RPE cells (Weng et al., 2002) as well
as in the transfected human RPE foetal cell line (Wills
et al., 2000). It has been localised to the basal and apical
membranes in primary human foetal RPE explants (Blaug
et al., 2003) and its mRNA identified in both retina and

RPE from donor human and bovine eyes (Miller ct al..

(footnote continued)
and individuals with identical genotypes may not have similar phenotypes,
indicating arole for environmental factors in determining the final severity
of CF (Dugueperoux and De Braekeleer, 2004; Estivill et al.. 1997).
Blocking of CFTR currents has proven difficult with organic
compounds. Whilst D1DS inhibit CFTR currents in a voltage-dependent
manner when applied to the cytoplasmic face, they are ineffective when
applied to the extracellular face (Anderson el al.. 1991b; C liffand Frizzell,
1990: Linsdell and Hanrahan. 1996). Partial inhibition is possible with
millimolar concentrations of diphenylamine-2-carboxylic acid (DPC) and
fiufenamic acid from the extracellular surface (McCarty et al.. 1993).
However, the blockage is voltage dependent and not complete. Native but
not synthetic scorpion toxin when applied to the cytoplasmic face is an
effective blocker, independent ofvoltage (Fuller et al.. 2004). Substrates of
the closely related ‘multidrug resistance protein' such as taurolithocholate-
3-sulphate and /1-estradiol also block CFTR currents in a voltage-
dependent manner when applied to the cytoplasmic surface (Linsdell and
Hanrahan. 1999) and glibenclamide has similar effects (Sheppard and
Robinson, 1997) apparently obstructing the open pore (Zhang et al.
2004). However, glibenclamide also inhibits K + channels (Yamazaki and
Hume. 1997). In contrast, CFTRinh-172 is a small thiazolidinone molecule
that blocks CFTR by prolonging the mean channel closed time
independently of membrane voltage. It is suspected to exert its action by
binding to NBD1 (Ma et al.,, 2002; Muanprasat et al.. 2004; Taddei et al.,
2004) and has been used to study CFTR in an RPE cell line (Reigada and
Mitchell. 2005).

1992). It is also functionally expressed in the human RPE
cell line, ARPE-19 (Reigada and Mitchell, 2005). CFTR is
thought to play a role in fluid regulation by the RPE by
because it can transport CL (Blaug et al., 2003). However,
the bulk of fluid regulation in the RPE is performed by
calcium-gated CF channels and the aquaporins, and if
CFTR was significantly involved in fluid regulation then it
would be expected that CF individuals would be prone to
2003)

could produce current and

oedema (Loewen et ah, which is not
However, CFTR

voltage changes across the RPE and transport molecules

macula

observed.

through the membrane which could affect other conduc-
tances as well as potentially playing a role in the regulation
of pH s

11.1.1. Ionic channel interactions
CFTR  has

channels in epithelia and therefore a similar function may

numerous interactions with other ionic
exist in the RPE. Control epithelia (from the nose, lung and
cell line models) "absorb” less sodium than in affected
epithelia lacking CFTR. These effects have been demon-
strated to be due to a direct inhibitory action of CFTR on
an amiloride sensitive epithelial N as channels (Boucher
1996; Stutts et al.. 1995).

Activation of inward rectifying K f channels has also been

et al.. 1986; Ismailov ct al..
demonstrated by cAMP in the presence of functional
CFTR (Loussouarn ct al.. 1996). Furthermore, regulation
of an outward rectifying anion channel by CFTR has been
demonstrated in planar lipid bilayers (Jovov et al., 1995).
CFTR releases ATP into the

extracellular compartment. ATP can then bind to the

In hypotonic solutions.

purinergic receptor PsY, which would then cause a rise
in [Caz2 +]in (Braunstein ct al., 2004; Prat ct al., 1996; Reisin

T'FTR has a major role in regulating the intracellular pH as well as the
pH of the mucosal membranes of the gut (Kopelman et al.. 1988). In the
gut the mechanism is accomplished by CFTR maintaining a favourable
[CI flout which maintains the Clin HCOTollt exchanger to regulate pHjn
(Jetton et al.. 1989; Paradiso et al., 2003; Simpson et al., 2005) whilst in the
lungs CFTR apparently controls a direct HCOf conductance (Coakley
et al., 2003), which accounts for the acidic nature of the airway mucosa in
CF sufferers. CFTR demonstrates mild permeability to HCOJ under non-
physiological conditions (Gray et al.. 1990; Linsdell et al., 1997b). Whole
cell recordings of voltage, current and intracellular pHIn from CFTR
protein expressed in Xenopus oocytes show a switch ofconductance from
Cl only to HCOV and CL when [CL]Joul is reduced to 0-10mM
(Shcheynikov et al.. 2004). This switch may help to control pHm, when
there are rapid changes in [C L]out. In the pancreas. CFTR is inhibited by
reduction in [HC O )]Joll, (O'Reilly et al., 2000). In amphibian RPE pHinis
the main contributor to fluid transport that stimulates a basolateral
HC O f/CI exchanger (Lin and Miller. 1994). Whether CF'TR plays a role
in regulating pHin in mammalian RPE is unknown. But it has properties
that would enable it to regulate intracellular pH: it transports carbonate
and chloride ions, to regulate extracellular pH in a variety of epithelia
(Akiba et al., 2005; Anderson et al.,, 1991c; Hug et al.. 2003; Paradiso
et al., 2003; Poulsen et al.,, 1994; Ulrich, 2000, Wang et al. 2005).
Although in amphibians the RPE chloride conductance is DID S-sensitive,
there may be a species difference that renders mammalian chloride
conductance insensitive to D1DS applied from the extracellular space
(Hughes and Segawa. 1993; Linsdell and Hanrahan. 1996). In this case
CFTR could account for (some) portion of the EOG.
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Light EOG in Cystic Fibrosis

Time minutes from light on

Fig. 7. Preliminary findings of the light-FOG in a group of individuals
with CF (N = 6) and controls (N = 6). Light was 100cd/m2 with dilated
pupils at t = 0. Graphs are mean+ SEM. Three were homozygous and
three were heterozygous for A508. The amplitude of the light rise is
normal, how'ever the time to peak is significantly faster (/xO.0OI) than
normal. Data normalised to the mean voltage of the 10 min preceding the
stimulus. The absolute peak value = 1.98+ 0.07 for controls and

l. 96+ 0.06 for CF patients.
et al.. 1994; Taylor ct al.. 1998). In turn this change of
calcium would increase Cl fluxes, (Schwicbert ct al.. 1995).
This may be a general means of regulating cell volume.
Findings on work using bovine RPE and a human RPE cell
CFTR increases ATP in the
following (Mitchell, 2001;

line also suggest that

subretinal activation
Reigada and Mitchell, 2005).

The mechanism by which CFTR facilitates release or

space

transports ATP across the membrane has not been fully
resolved. ATP release from cells has not been universally
supported by till investigators (Abraham et al.. 1997;
Grygorczyk and Hanrahan. 1997b; Li ct al.. 1996; Reddy
et al.,, 1996) with the possibility that the ATP released from
the cell is a result of mechanical disruption of the plasma
membrane patch formation (Grygorczyk and
Hanrahan, 1997a).

IfCFTR played an important role in generating the light

during

rise, then individuals with CF should have a reduced
response which is not the case (Lara et ah. 2003; Miller
et al.. 1992) (see also Fig. 7 showing the normal light rise
amplitude in a group ofindividuals with CF). However, we
observed an altered time course of the light rise in this
group of CF volunteers comprising three heterozygous and
three homozygotes for the AS508 mutation. This may
implicate CFTR in determining the time course of the
light-EOG and therefore a role for CFTR in the light rise
cannot be excluded. One alternative explanation could be
that another Cl transporter is up-regulated when CFTR is
defective and therefore takes over its function. For further
reviews in CFTR’s interactions, see Kunzelmann (2001)
and Schwiebert et al. (1999).

II. 2. CIC chloride channels

These channels are very common and various sub-

groupings have been described. CIC-2 is found in the RPE,

and in a CIC-2 knockout mouse, retinal degeneration and
testicular atrophy were the only defects (Bosl et al., 2001;
Nehrke et al., 2002). It is highly likely that CIC-2 in the
RPE plays a vital role in either the regulation of cell
volume, pHout and fluid secretion as it does in other
epithclia (Cuppoletti et al., 1993; Furukawa et al., 1998;
Malinowska et al., 1995). CIC-2, CIC-3, CIC-5 and CFTR
are co-expressed in human foetal RPE cell line (Wills et al.,
2000) and as CFTR and CIC-2 are activated by PKA
(Anderson ct al., 1991a; Cid et al., 1995; Tcwari ct al.,
2000) CIC-2 may provide an alternative CL conductance
when CFTR is defective (Blaisdell ct al., 2000: Cid ct al.,
1995; Jordt and Jentsch, 1997; Schwicbert et al., 1998;
Thiemann et al., 1992). However, this proposal is not
supported by recent evidence. In a doubly deficient mouse,
with both CFTR and CIC-2

epithelial CL currents were not reduced (Zdebik et al..

disrupted, the colonic
2004) casting doubt on the role of CIC-2 as a rescue
channel for CFTR.9

12. Channel changes associated with the clinical EOG
12.1. The fast oscillation

The FO is normal in Best's whilst it is abnormal in
retinitis pigmentosa (RP) and therefore the generation of
the light rise and the FOs are different (Sandbach and
Vaegan, 2003; Vaegan. 1993; Vaegan and Beaumont. 1996,
2005; Weleber, 1989) (see Fig. 8). One model attributes the
difference as indicating that the light rise is dependent upon
the bestrophin Cl channel and the FOs relying on CFTR
(Blaug et al.. 2003; Miller et al.. 1992).8

TIC CI
Torpedo ray (W hite and Miller. 1979) since named (CIC-0) (Jentsch et al..

channels were first identified in the electric organ of the

1990). A further nine CIC channels have been identified in mammals. They
activate slowly at hyperpolarising voltage and conduct anions preferen-
tially in the sequence. Cl~> Br > F (Thiemann et al.. 1992). The
diversity of CIC-2 distribution implies that it has a key role to play in
epithelial and non-epithelial cells. CIC-2 is activated by acidification o f the
extracellular space (Jordt and Jentsch. 1997) and is typically closed at
resting membrane potential. Its main role seems to be in regulating cell
volume (Furukawa et al.. 1998; Grander ct al.. 1992; Strange et al.. 1996:
Xiong et al., 1999).The X-ray structure of CIC channels has been
described in prokaryotes (Dutzler et al.. 2002) with the channel comprising
18 a-helixes running anti-parallel with the positive N terminus orientated
towards the centre creating a domain to increase anion binding and gated
closed by glutamate residues that mimic Cl (Dutzler. 2004). CIC CF
channels have two pores that are identical in structure that open in bursts
with each pore fluctuating between open and closed (Hanke and Miller.
1983; Miller, 1982). The gating and selectivity of CIC CF channels is still
unresolved, although structural models have been ascertained for bacterial
CIC channels (Pirruccello et al.. 2002).

CiC-2, CIC-5 and CIC-3 mRNA and immunocytochemical techni-
ques have identified these channels in a transfected human foetal RPE cell
line (Wills el al., 2000). The electrophysiology o fthe different types of CIC
channel is not identical. CIC-2 has slight inward rectification in the range
from —180 to 50mV that is slowly activated both by hyperpolarisation,
extracellular acidification, PKA and arachidonic acid (Cuppoletti et al,
1993; Tewari et al.. 2000). CIC-2 is blocked by DPC and 9-anthracene-
carboxlic acid (Griinder et til.. 1992; Thiemann ct al.,, 1992).
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Fig. 8. Upper trace showing normal fast oscillations (arrows) and light

rise (broad arrow). Lower trace shows the absence ofthe light rise in Best's

macular dystrophy. From Weleber (1989).

Archives of Ophthalmology.
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Figs. 9A and B show recordings of the FOs from a
normal and A508 homozygous volunteers. It can be seen
that the standing potential rises in the dark and falls in the
light. The minimum occurs 30 45 s after light onset and
then the standing potential begins to rise once more and
with repeated dark-light periods a series of oscillations can
be established.

The model which is generally accepted at the time of
writing may not be complete but the first step is the
photoreceptor-induced decrease in [K +]out in the subretinal
space. This opens voltage-gated potassium channels in the
apical membrane of the RPE (and also in the Miiller cells)
that results in the c-wave of the ERG (Linsenmeier and
Steinberg, 1983). The activity of the Na-K-2C1 exchanger
decreases as [K 1]oul is reduced (Joseph and Miller, 1991).
Because now the inward llux caused by the Na-K-2Cl1
transporter is reduced, the intracellular CL activity
decreases (Gallemore and Steinberg, 1993). Consequently,
the CFTR CL current also decreases and therefore the
basal membrane of the RPE hyperpolarises. leading to a

Normal fast oscillation
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Fig. 9. (A) The fast oscillation (FO ) recorded in a 20-year old female over 10 min with alternating periods oflight and dark at 1min intervals. We used bi-
temporal skin electrodes with alternating periods of light (100cd/m2) and dark (0.01 cd/m2) at 1min intervals. Saccades were performed at 1Hz and the

unfiltered raw bi-temporal voltages were sampled continuously at 4 Hz using a simple digital voltmeter. The first 60s was in light. When the illumination is

reduced (dark bar) there is a rise in the standing potential (dark rise) that peaks at ~30s. When illumination is restored there is a decrease in the standing

potential leading to the "light trough" that reaches a minimum after ~30s and then begins to rise. In this study, we took the mean offourdark-light cycles

ofthe peak-trough voltages giving the dark rise : light trough ratio (DR :LT). In this individual the DR:LT ratio was 1.29+ 0.06 (mean+ SD). (B) The FO

recorded in an 18-year old female with the A508/A508 genotype for CF.

Mean ratio of the DR:LT was 1.35+ 0.05 (mean + SD). Note the similarity

between A and B. although the A508 mutation has been associated with a reduced FO (see text).
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fall in the TEP following light onset and this generates the
light trough of the FO of the EOG. This model is based
upon the work of Blaug et al. (2003) who used human
foetal RPE sheets mounted in an Ussing chamber where
CFTR expression was demonstrated to support the role of
CFTR in the FO light trough. When the effect of light was
simulated by reducing the apical bath K * level from 5 to
2m M, in the absence of cAMP, KApicai and LBasai change
together with KApiCA hyperpolarising at a greater rate than
f"Basai so the TEP transiently increases, as a “mock c-wave”
develops. In the next phase. LBasa] hyperpolarises at a
greater rate than LApjcai and so the TEP falls which is a
result of a reduction in [CT]in due to a reduced flux through
the Na-K-2C1 cotransporter (Joseph and Miller, 1991). In
cAMP

procedure causes the same sequence but there is a dramatic

a tissue treated to increase levels, the same
increase in the magnitude and time course of the FO trough
which suggests that CFTR is involved in generating the
FO. This model is supported by the reports that in CF the
amplitudes of the FO are reduced and delayed whilst the
light-EOG remains normal (Lara et al., 2003; Miller et al.,
1992). Whilst Blaug could show that elevating intracellular
cAMP increased the amplitude of the FOs in foetal RPE
sheets where the mRNA and immunocytochemical evi-
dence supported the presence of CFTR he was at that time
unable to block these changes wusing a specific CFTR
inhibitor. Therefore, these changes may have been due to
another CF channel that is also gated by elevations in
cAMP such as CIC-2 (Bosl et al.,, 2001; Cuppoletti et al..
2000).
Flowever.
Reduction of intracellular CL [CT]in does not affect wild
type-CFTR or A508CFTR ClI

fected cell lines the reduction of [Cl~]out reduces chloride

there is also evidence against this model.

currents whilst in trans-

current (Wright et al.. 2004). In addition, the reduction
of the FO reported in CFTR may not be universal. None
of a small group (N = 3) of individuals homozygous
for A508 mutations showed reduced FOs whilst a slight
delay was observed (Constable et al., 2005)— see Fig. 9.
There are clearly some contradictions regarding CFTR,
ATP and the light rise. CFTR
release of ATP at the apical membrane from bovine and
human RPE cell lines (Rcigada and Mitchell, 2005) and
that stimulation of P2Y:2 receptors by ATP elevates
[Caz ],, (Collison et al.. 2005; Peterson et al., 1997;
Sullivan ct al., 1997). It is also the ease that the rise in

Certainly mediates

[Ca®+]n opens the basolateral CL channel involved in
the slower light rise of the EOG. Therefore, this model
predicts that the light rise will be affected when CFTR
is defective or absent which is not the case (Lara et al.,
2003; Miller et al.,, 1992) and Fig. 7 above. Therefore, we
must conclude that this simple model is incomplete.
However, all three assumptions are well supported by data
but further work will be required to determine precisely the
role that CFTR plays in the light rise and FOs. Fig. 10
illustrates the current model of the FO generation and the

light rise.

13. The elusive light rise substance

Our current understanding of the light rise is basically

the model produced by Steinberg: light liberates a
substance from the rods that binds to a receptor in the
apical surface of the RPE. More recent work has added
that second signalling systems inside the cytosol produce a
rise in intracellular [Ca" +] which in turn increases the
basolateral Cl conductance demonstrated by Steinberg.
The identity of the substance, the means by which it
increases [Ca~~]jnand whether the ultimate basolateral Cl
channel is bestrophin or CaCC is unknown. Ethanol
can generate a sequence of slow changes to the human
EOG

plying that the time course is generated internally within

that are identical to that produced by light, im-

the RPE. Light and alcohol produced current changes that
share a final common pathway, again supporting the idea
that the light rise is mediated via a Caz ' pathway (and see
below).

Work on the membrane and cytosol characteristics of
RPE cells has mostly been carried out in tissue culture and
in various animal models that show some species differ-
ences. Therefore, any link between changes in the
membrane properties associated with a particular agent
and the light rise is speculative, unless a selective blocking
agent can be found, that, used in vivo, affects the EOG in
predictable ways (Eggermont, 2004; Nilius and Droog-
mans, 2003). Another difficulty encountered is the differ-
ence between RPE cells of different species. For example,
with elevation of intracellular cAMP in bovine prepara-
tions (Rymer et al., 2001) and chick (Kuntz et al., 1994)
there is a decrease in basolateral Cl conductance whilst
in human foetal RPE (Quinn et al., 2001) as well as
whole cell recordings from cultured human RPE (Weng
et al., 2002) basolateral CL conductance increases. In frog
RPE, cAMP-activated CL inhibited by

extracellular DIDS (Hughes and Segawa, 1993) unlike

currents are

the comparable mammalian cAMP activated CL current
generated by CFTR (Linsdell and Hanrahan, 1996; Schultz
et al., 1999).

Whilst the RCS rat model of retina! degeneration have
provided valuable insights into the regulation of Ca~+
currents that closely resemble human (Mergler ct al., 1998;
Ueda and Steinberg, 1994.
about the identity of bestrophin as the Ca-+ activated CL

1995) there is some dispute

channel involved in the generation of the light rise
(Marmorstcin et al.. 2004; Pollack ct al., 2005; Strauss
and Rosenthal. 2005). Until a demonstrable knock-out
animal model of the light rise can be associated with
bestrophin and then restored, the question as to whe-
ther bestrophin is the CaCC responsible for the light
rise will remain in doubt (Qu et al!.,, 2004; Qu and
Hartzell, 2004; 2005;

Rosenthal, 2005). Although evidence is now stronger that

Rosenthal et al., Strauss and
bestrophin is a CaCC and not a modulator of a separate
CL channel (Fischmeister and Hartzell, 2005; Hartzell
et al., 2005b).
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Possible ionic mechanisms that alter the EOG voltage
In the dark at baseline the [K{ad = 5mM

The fast oscillation - light trough < 30 seconds after light onset [K*]ad= 2mM

The light rise >30 seconds after light onset

Fig. 10. Schematic representations ofthe ionic channels and signalling molecules involved in the generation of the fast oscillation (FO) and the light rise in
man. At the apical membrane, the possible ionic channels and receptors involved in initiating or generating the light evoked responses are grouped
together. These are: a proposed light rise receptor (LRR) that may be coupled to a G-protein or the purinergic receptor (P2Y 2). At the basal membrane the
chloride channels that have been proposed for altering FBasa) are grouped together. The light rise CF channel may be either a CaCC or bestrophin.
However, the mechanism may be more complex, and the channel may interact with a basolateral Ca2+ channel (possibly an L-type) to elevate [Ca2+]in.
There are several possible mechanisms that have been proposed and we are still unsure as to the exact nature ofthe intermediary steps between light onset
and the final depolarisation of F'uilSai that generates the light rise. (A) The upper figure shows the RPE cell in the dark where suhretinal [K ‘] is maintained
by the photoreceptor dark current. This high [K. *] provides a favourable concentration gradient for the entry of Na+. K. ~ and CT ions via the apical
cotransporter. (B) In light, the dark current is not present and the subretinal [K +] falls. The RPE K + now moves down its electrochemical gradient
through apical voltage-gated K 4 channels into the subretinal space. The Na K--2C1 cotransporter has a reduced transport and so intracellular [CT] falls
owing to the transiently decreased subretinal [K. *]. This then reduces the active transport of CT ions by the cystic fibrosis transmembrane conductance
regulator (CFTR) so the basal membrane hyperpolarises and causes a fall in the TEP. This is seen as the light trough of the FO. (C) Some possible
pathways for the generation ofthe light rise. The putative light rise receptor LRR is situated on the apical membrane. The diagram suggests that LRR is
satisfied by ATP. This may be provided by CFTR releasing ATP. Alternatively, the source of ATP may originate from the rods. Activation of either LRR
or the P2Y 2 receptor initiates the rise in [Ca‘ +],n and this is presumed to be the second messenger involved in the light rise (see text). The source of Ca2+
may derive from the endoplasmic reticulum via the generation ofinositol triphosphate (1P2) that binds to the 1P2-R receptor. An alternative hypothesis is
that the source of Ca2+ derives from an interaction of bestrophin with an L-type Ca2+ channel that facilitates the entry of Ca2+ across the basolateral
membrane. In this model bestrophin is not the basolateral CL channel responsible but a distinct CaCC is finally responsible for the light rise. The multiple

steps in the generation of the light rise accounts for its slow' onset of ~60s with a peak at ~8m in.

13.1. Some possible candidates rise. Dopamine was considered a possible candidate for
the light rise substance because the light rise was re-
At the apical membrane of the RPE there are various duced in depressives but elevated in manic depres-

receptors that could conceivably mediate the light sives (Economou and Stefanis, 1979). However, in vitro
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studies have been unable to conclusively demonstrate that
dopamine is the light rise substance (Dawis and Niemeyer,
1986; Gallemore and Steinberg, 1990; Rudolf and Wio-
land, 1989)
increasing in the subretinal space following light onset
(Kramer, 1971).

Adrenergic, muscarinic, neuropeptidic and purinergic

1990; Textorius et al., despite dopamine

receptors have been identified at the apical membrane of
the RPE in a variety of species and in cell culture (Ammar
et ah, 1998; Collison et ah, 2005; Crook et ah, 1992;
Frambach et ah, 1990; Mitchell, 2001; Peterson et ah, 1997;
Quinn et ah, 2001; Rymer et ah. 2001) and despite their
potential to elevate [Ca' *]ln no definitive light rise receptor
or substance has been found. However, the purinergic
1997) with ATP as the

involved

receptor (P2Y:2) (Sullivan et ah.

agonist has recently been postulated to be
(Reigada and Mitchell, 2005).

We speculate that ATP may be the light rise substance
although the source may not be from the RPE as origi-
nally modelled (Reigada and Mitchell, 2005). In light.
ATP is released by glial cells (Newman, 2003) that could
diffuse towards the RPE.

degraded to adenosine, in the presence of ATP adenosine

Alternatively, when ATP is

receptors on the RPE might evoke a rise in [Ca2']in
(Collison et ah, 2005). Another possibility is that ATP
released from photoreceptors could be the light rise
1990). Because the rods con-
of ATP 1972) to

develop the dark current the oxygen tension in the inner

substance (Uehara et ah.
sume very large amounts (Hagins,
limbs falls to zero in darkness. The lactate profile across
rat retina does not alter significantly and the rate of
production is virtually unaltered when going from light to
darkness (Winkler ct ah. 2003). Consequently, any store
of ATP in the rod must be very small. However, when
illuminated, the mnon-selective channels in the outer
rod limb close very rapidly, while the Na-K ATPase
exchange pump continues to operate at high speed for
some seconds, causing potassium depletion in the sub-
retinal space. It soon stops, but it is plausible that the
production of ATP continues for an additional further
period so the intracellular ATP concentration of the rod
rises; ATP then escaping into the subretinal space could
provide the trigger for the light rise. This idea is attractive
because it explains certain peculiarities of the EOG which
have been known for many years (Arden. 1962; Arden and
1962b). For

precede the light rise, but the relation between the duration

Kelsey, example, dark adaptation must
of preceding darkness and the size of the light rise does not
conform to either psychophysical threshold changes or
densitometric measures of rhodopsin regeneration. Again,
although the rods produce the signal that influences the
RPE,

reduced. With the multitude of integration sites for cross-

rod function can be normal when the EOG is

talk between signalling molecules and receptors (Nash and
Osborne. 1996) a more complex picture of the light rise will
undoubtedly evolve as our understanding of the RPE-

retina complex increases.

Light-peak

[1 mV

Fig. It.
Steinberg. 19S6). Reprinted with the permission of Investigative Ophthal-

Hypoxia decreases the light rise in cat (Linsenmeier and

mology and Visual Science.

14. Physiological characteristics and pharmacology of the
light-EOG

The pharmacology of the DC potential, its relation to
neurotransmitters and its reliance on changes in metabo-
lism have been investigated by several authors. The slow
light peak is extremely sensitive to anoxia (Kreicnbuhl and
Niemeyer, 1985; Linsenmeier et al.. 1983. 1987; Linsenme-
1987). Fig. 11 shows

that in mild experimental hypoxia, which does not affect

ier and Steinberg, 1986; Steinberg.

the ERG, the light rise is markedly reduced and similar
clinical findings have been reported. (Arden, 1962; Arden
1962; Arden and Kelsey, 1962a; Niemeycr and
1984). Small pCO:2

also dramatically reduce the amplitude of the slow changes

ct al.,
Steinberg, changes in pH and
in potential caused by light. In view of the complex
acid base regulatory systems described above, it is not
surprising that C 02 and acidification exert differential
effects on the TEP and consequently the corneo-fundal
standing potential (Dawis et al.. 1985, Niemeycr and
Steinberg. 1984).

Acetazolamide (Kawasaki ct al., 1986; Madachi-Yama-
moto et al., 1984a) and changes in osmolarity (Kawasaki
1984; Madachi-Yamamoto ct al.. 1984b) cause a

slow reduction in the EOG voltages, and these findings

et al..

are the basis on which clinical tests have been developed
(see below). In addition, the potentials are influenced
by biogenic amines and other substances (Bialek et ah.

1996; Dawis and Niemeyer, 1986; Edelman and Miller,

1991; Joseph and Miller, 1992; Rymer et al.. 2001;
Textorius ct al., 1989). Recently, it has been shown
that ethyl alcohol affects the human corneo-fundal

potential (Arden and Wolf, 2000a. b; Arden et al., 2000;
Skoog et al., 1975; Wolfand Arden, 2004). Also at very low
dosage non-steroidal anti-inflammatory drugs alter the
TEP in isolated porcine and bovine preparations (Arndt
et al., 2001; Bialek et al., 1996), and, in doses higher than
clinically advisable, they affect the human EOG (Arden,
unpublished).
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Table 1

23

Some values reported for the FO ratio of the dark: light amplitudes with luminance

Author Dark rise : light trough
Vaegan (personal communication) 1.16 + 0.08
Mergaerts et al. (2001) 1.13 + 0.01
Miller et al. (1992) 1.26 + 0.09
Weleber (1989) 122+ 0.15
Schneck et al. (2000) 1.20+ 0.03
Constable et al. (2005) 1.28 + 0.05

ratio

N Luminance (cd/nr) Stimulus duration (s)
58 200 60

51 250 60

15 —

8 70 75

9 30 60

8 100 60

Original units have been converted to cd/m* and rounded off. There is some variation between authors that may be a result ofdiffering analysis ofthe FOs

(see text).

14.1. Practical considerations in recording the fast

oscillation

The FO is an important test that is rapid to perform and
should be conducted in conjunction with the light-EOG.
The that the FOs light
selectively affected as in RP and Best’s (Sandbach
1993; Vaegan and Beaumont. 2005;
1989) (see Fig. s). Furthermore, a normal FO in
light the

reason is and rise are often
and
Vaegan, 2003; Vaegan.
Welcber.
the
clinician greater confidence in the results obtained. In small
studies, the FO
occlusion (Rohde
(Thaler et ah,

and Goldmann Favre syndrome (Vaegan and Beaumont,

presence of an abnormal rise may give

to be reduced in retinal vein
1981).

1986). gyrate atrophy, pathologic myopia

is reported

et al.. rod monochromatism

2005). There is some variation between different authors'
practices when measurements of the FO are reported. The
International Clinical of
Vision (ISCEV) standard for the FO recommendations are
160 s each should be

Society for Electrophysiology

(1) six light-dark cycles lasting 120
employed (2) the average peak to trough ratio be used, and
(3) the average latency or phase shift of the peaks should be
recorded and (4) the absolute magnitude of the standing
potential in the troughs (in microvolts per degree of visual
1993). These

Two

angle) be recorded (Marmor and Zrenner.

not always followed. large

(2001)

the nature

recommendations are

by Mergaerts et al. and Vaegan and

(2005) of the FO
man. Both found that the FO amplitudes were independent

studies
Beaumont investigated in
that four cycles of light and dark was
the The
investigators recorded the difference between maximum in

in light as 69.6+ 5.3 gV. and the ratio

of age. sex and

sufficient to evaluate FO parameters. former
dark and minimum
dark/light 1.112+ 0.013 (Mergaerts ct ah, 2001). Another
method of analysis has been to fit a sine wave to the data
and determine the period and amplitude of the variation
(Weleber, 1989). Thaler et al. (1982)

found a linear relationship between FO amplitudes and

In a small study,
luminance (8-955cd/m2). The duration of the preceding
dark adaptation had no effect on the amplitude. The results
of various investigations into the normal dark rise: light
trough (DR:LT) ratios are shown below in Table 1. Vaegan

and colleagues have investigated the FO amplitudes in a

large series of normals (N 58) and found the lower limit

of normal (5% point) to be 1.05 (Sandbach and Vaegan,
2003). The lower mean values reported by Mergaerts et al.
(2001), and Vaegan may be attributed to the data analysis
where the authors averaged to total amplitudes in the light
and dark the
trough ratio w+ich yields an approximately normal value
between 1.2 and 1.3 (Constable et al., 2005; Miller et al.,
1992: Schncck et al.. 2000; Weleber. 1989). The brighter

backgrounds used by some authors is also unlikely to be

intervals rather than measuring peak to

the cause of the lower ratios as the FO increases with light

intensity and therefore the ratios should be constant
(Thaler et al.. 1982).

The FOs can be ecasily recorded as part of the clinical
light-EOG procedure. The level of retinal illumination that
precedes the standard test is usually uncontrolled. The FOs
can be recorded confidently using a minimum of three
of light/dark,

Beaumont, 2005). If a determination of the FOs is carried

cycles each lasting 2min (Vaegan and

out before the 12 min of dark adaptation that precedes the

EOG. the FO measurement will ensure a constant level of

light adaptation from which the EOG itself can be
measured. This should reduce variability in the light rise
and the time penalty incurred is small (Vaegan and

Beaumont, 2005).

The amplitude of the FO can be increased by raised
blood glucose levels; however, whether this change differs
in diabetics and non-diabetics is still to be evaluated but
may represent the sensitivity of the FO to RPE metabolism
(Schncck et al.. 2000). Given the relative ease of recording
the FO
appear to be a useful adjunct to the light-EOG (Vaegan
1996).

and its specificity for RP this procedure would

and Beaumont,

15. Recording the EOG

An ISCEV standard (currently under review) gives
recommendations for standard clinical tests (Marmor and
Zrenner, 1993). The eye movement potential is easily

recorded with skin electrodes placed one on either side of
the eye. The voltage varies considerably depending upon
how close the electrodes are placed to the eye, but 12-30 gV

per degree is usual. Rapid saccadic eye movements may be
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made over 30°, so the voltage change recorded to such eye
movements is ~1 mV. This relatively large signal makes the
EOG test technically undemanding. Eye movements >30°
are not desirable, because they tend to be carried out in two
or more saccades, making measurement of the voltage
difficult or with AC recording
should be

otherwise, artefactual voltages associated with lid elevation

impossible techniques.

Horizontal eye movements made, because
may also be recorded. Direct recording of the DC voltage
between the two electrodes is possible, but changes in
polarisation of the electrodes, and slow changes in skin
potentials occur, and interpretation of such slow voltage
changes without eye movement is impossible in clinical
conditions. With AC-coupled amplifiers, recording eye
movement voltages, any type of surface electrode can be
used, including disposable Ag/AgCl pads, or gold cup
electrodes. It is desirable to lightly abrade the skin on
which the

resistance below 5 kQ.

electrodes are placed, to reduce contact

The eye movements can be made in any way convenient.
Some workers have advocated that the subject is given two
(red) fixation points and asked to look left and right
between them, at any convenient rate. Other workers
expose only one fixation point at a time, and alternate the
fixation points at a suitable rate which should be constant
throughout the test. Patients are most comfortable with
between one and two eye movements per second. More
elaborate schemes have been proposed. For example, a
number ofclosely spaced fixation points have been used, lit
sequentially, and the subject is asked to follow the moving
spot. The fixation points are so spaced that the angle of
gaze varies sinusoidally with time. The amplitude of the
voltage change can be determined precisely by a suitable

software package (Fourier analyser). In the authors'

experience, the simplest method is preferable.

15.1. Technical difficulties

These are very rare with the EOG. In a very few cases,

patients may find difficulty in making standard eye
movements. These include cases of ophthalmoplegia, or
nystagmus (muscle paralyses. Parkinsonism, myasthenia).
In certain of these cases, the patient may attempt to
compensate by moving the head, not the eye. Such
problems can usually be overcome by providing a solid,
comfortable head rest, and encouraging the patient to relax
the neck muscles. When the patient is first instructed about
how to do the test, the clinician should always observe the
patient to make sure that satisfactory eye movements are
made. In many commercial devices, the patients’ eye
movements can be observed through an inbuilt infrared
camera, so compliance can be checked on the video
monitor. This is desirable, and may be included in future
standards. If there is local central or peripheral disease, the
fixation points may be easy to see in darkness, but become
invisible against a brightly illuminated background, unless

the fixation point is surrounded by an (unilluminated)

opaque black area. In some patients with very poor vision,
it may be necessary to make extreme eye movements if the
fixation targets cannot be seen. It has been suggested that
in such cases, eye movements of uniform angle can be made
with the aid of proprioception: the patient can be seated in
a chair with arms, on which the elbows can rest, and the
forearms are placed vertically. The patient is encouraged to
move his eyes toward the position of one thumb, and then
toward the other. It is also possible to have a small buzzer
behind each fixation point (with two different tones) to aid
movements of constant

the subject in making eye

amplitude. Finally, if the eye movements displace the
electrodes, an artefactual voltage can be recorded. These
may occur when passive rotations of the eye are induced to
obtain EOGs in small animals or ifelectrodes on the bridge
of the nose are improperly secured. In man, using
amplifiers of band pass 0.3-100 Hz alternating saccades
give a saw-tooth response. Measurement of the peak-to-
of the

software packages contain horizontal cursors which can

peak amplitude saw-tooth is easy, and many
be set, by eye, to pass through the average peak voltage or
the average trough voltage. The human visual system is
good at making such judgements and disregarding any
artefactual voltage or incomplete movements that may
occur. All subjects can continue making eye movements for
about 10s. at minute intervals, without fatigue or
discomfort. The record derived from such recordings is
completely suitable for experimental work. In clinical
situations it is common either to make records at 2 min
few measurements (for

intervals, or to make only a

example, with totally blind patients). The aim is to
determine the lowest level to which the voltage sinks in
darkness (the dark trough) and the peak in subsequent
illumination (the light peak). For further details, consult
the ISCEV standard (Marmor and Zrenner. 1993).

The magnitude of the ratio of these voltages (often called
the Arden ratio) gives an index of the change in RPE
voltage which is the end result of the test. However, it is
desirable to provide more detail, and various schemes have
been proposed to provide standard traces, without the need
for measurement and graph drawing. Often records are
made on a very slow chart recorder (or its virtual
equivalent) so the individual eye movements merge, and
the average excursion during the 108 or so of eye
movement during each minute can be visualised as a thick
line, and a graph of20 or more consecutive lines shows the
slow change in waveform. In clinical tests, it is important to
specify the degree of dark adaptation and the intensity of
the subsequent light adaptation because these influence the
final ratio obtained. Some workers advocate a prolonged
pre-test period during which, in constant dim illumination,
the voltage becomes steady. This is desirable, but adds to
the duration of the test and is not commonly employed.
After this, the subject is put in complete darkness for
12-16 min. This is sufficient time to determine that the
voltage has begun to rise from the dark trough level. The

time in the dark should be fixed, because, when the light is
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turned on, there is a relationship between the dark period
and the size of the subsequent rise, although after only
s min of darkness light rise reaches about 80% of the
maximal value obtained with 22min dark adaptation. The
relation between amplitude and time in the dark is
approximately exponential (Arden and Kelsey, 1962b).

The light rise response is derived from the entire retina,
and therefore a Ganzfeld illumination with “white” light is
required. Ganzfeld bowls are recommended, but (especially
in view of the eye movements) ad hoc large field viewing
(e.g. diffusely and evenly illuminated white walls, floor and
ceiling) may suffice. It is important to adjust illumination
to compensate for individual variation and individual
change in pupil size with illumination. Two alternatives are
available: If a very bright light is to be wused, then
“saturated" responses are obtained, and changes in
pupillary diameter compensate for any change in illumina-
tion. Alternatively, the pupils may be dilated, and the
illumination reduced to obtain a standard retinal illumina-
tion. The ISCEV standard recommends 100cd/m2 with
7mm diameter dilated pupils.

Even though much information is available from various
manufacturers, it is desirable to establish clinic normal
values of the light peak/dark trough ratio. For most

centres, the mean value will be 2.2 (220% ) with the lower

| | | | |
0 10 20
Time (min)

Fig. 12. Sodium bicarbonate (1.4% ) infusions in cat causes a decrease in
the ocular standing potential. From Segawa et al. (1997). Reprinted with

permission of the Japanese Journal of Ophthalmology.

limit of normal ~1.s. This can be strongly affected by small
levels of background light in the dark and several labs
using total darkness and 15min dark adaptation report the
5% lower limits of normal as ~2.05. Artifactually, high
and low ratios can occur when the whole EOG amplitude is
small. The standard therefore requires the report to also
say if the absolute sizes of the dark trough and light peak
are in normal limits. There is some evidence (see below)
that very large values (>3) occur when the TEP is low, but
the change in basal conductance is normal: These high

values may also indicate an abnormality.

16. Non-photic responses

16.1. Hyperosmolarity, acetaiolamide and bicarbonate tests

The light-EOG test depends on the integrity of the
retina, the subretinal space and the RPE, and is thus
affected by a wide range of pathological processes. The
recorded current is generated by large regions of the
retina RPE. and is often normal when localised lesions
develop (Gupta and Marmor, 1995). These factors decrease
the value of the test. It was hoped that the sensitivity of the
test to widespread pathologies could make it useful as a
screening test, but other clinical methods (such as fundo-
scopy, angiography, electroretinography. field testing)
provide more detailed information more quickly. A desire
to improve the EOG. and obtain a test specific for the RPE
has driven workers to investigate non-photic EOGs. In
these tests, after a period of recording during which a stable
baseline is established, a chemical is infused i.v. It is
advisable to set up a venous line before the test begins, and
to incorporate a two-way tap in the line so normal saline
can be infused during the pre-test period, and the change in
infusion made without the subject’s knowledge. Otherwise
changes of recorded voltage due to anxiety, may affect the
test. Recording continues until the decrease in the voltage
reaches a lower level. With hyperosmolarity (Kawasaki
et al, 1986: 1984a) and
bicarbonate (Gallcmore et ah. 1998; Segawa et ah. 1997)
the infusion causes a reduction in EOG voltage until a

trough is reached after s -10min (Figs. 12 and 13). With

Madachi-Yamamoto et ah.

hyperosmolar solutions, a rather slower fall occurs
acetazolarmde
(¢}
light \V
Ci=1---m-mmm-
0 30 60 90

MINUTES

Fig. 13. Hyperosmolality and acetazolamide responses. Note the light rise peak is the same whether acetazolamide has been given or not. Modified from

Kawasaki et al. (1977). Madachi-Yamamoto et al. (1984a). Reprinted with permission.
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(Gallemore et al.. 1998; Madachi-Yamamoto ct al., 1984b;
Marmor, 1989). Following the trough, the potential may
increase slightly if the infusion continues.

The quantity of acetazolamide recommended iss-10 mg/
kg, given by slow intravenous infusion in a period of 1+ min
and causes a slow decrease in the standing potential.
Hyperosmolar solutions used consist 0f 0.9% normal saline
with 25% w/v mannose added, or 15% mannose plus 10%
fructose (1400mOsmolar). The aim is to increase tissue
osmolarity by 15-20 mOsmolar. In the bicarbonate test,
0.9% saline, to which sodium bicarbonate, 7% w/v, was
added is infused at the rate of 0.83 mg/kg/min. The use of
several agents can be combined in a sequence to reduce the
number of tests 1998;
Marmor, 1994, 1995; Leon ct al., 1990; Madachi-Yama-
1994).

(Gallemore et al., Gupta and

moto et al.. 1984b; Pinckers et al..

16.2. Mechanisms and usefulness

During the hyperosmolarity trough the light rise is
abolished. However, following administration of acetazo-
lamide the light rise is unaffected so the two tests must
provoke different retinal-RPE mechanisms (Gupta and
1995; Marmor, 1989). Although experimental

work on isolated cpithelia has indicated that the hvperpo-

Marmor,

larisation of the basal membrane may account for the
decrease in voltage associated with these agents, the precise
mode of action is unknown, so any abnormality detected is
merely phenomenological.

There are various reported differences between the light-
EOG and the chemically induced changes. Some are of
interest in terms of pathology. In Best's disease, the light-
EOG is “"flat”, but the acetazolamide response continues
normally (Gupta and Marmor. 1995; Madachi-Yamamoto
et al.. 1984b; Weleber, 1989) (Fig. 13). Since acetazolamide
affects carbonic anhydrase in the RPE. and can enter via
the choroidal circulation, this lends some support to the
mechanism proposed for the alcohol-EOG (see below). It
has been reported (Leon et al.. 1990) in a small series of
patients with retinal degenerations (particularly X-linkcd
RP) that the response to hyperosmolarity and acetazola-
mide is more greatly reduced than is the case for the ERG
or the light rise. Pinckers et al. (1994) reported that in age-
related macular degeneration (ARMD) the acetazolamide
response continues normally until choroidal neovascular-
isation appears. However, in advanced cases of RP. the
acetazolamide response is often normal (Gallemore et al..
1998).

Hyperosmolarity

EOGs also show

choroidal neovascular disease but not in ARMD without

abnormality in
neovascularisation (Shirao et al., 1997).
17. The alcohol-EOG

In animal experiments (Skoog et al.,, 1975), and in man

(Arden and Wolf, 2000a). a rise in the eye movement

voltage occurs after giving alcohol. Unlike the other agents

used to produce non-photic EOGs, alcohol can be given by
mouth. It also has important differences from the results
with the chemically provoked changes described above.
Only recently has there been a comparison of the nature
and time course of the changes caused by light and the
change caused by alcohol. After allowing for the time taken
for alcohol to pass from the gullet to the capillaries, both
light and alcohol appear to provoke exactly the same
complex prolonged voltage changes (within the limit of the
experimental precision) (Arden and Wolf. 2000a). Both
light and alcohol evoke a rise of voltage to a peak, with a
subsequent fall to a trough, and then a second smaller
peak. The time for alcohol to travel from the mouth,
through the gut and circulation to the eye is minimally
2 min, and the alcohol peaks and troughs are delayed from
the light-evoked responses by exactly this interval. It seems
that the responses to both agents must be caused in the
same manner and by the same mechanisms.

For low doses, the responses of light and alcohol sum. For
high doses, light and alcohol “occlude”—i.e. when both
agents are given, the response is only very slightly bigger
than when each is given alone. These observations imply that
the increase in voltage caused by light and by alcohol share a
final common pathway. The dose-response curves for the
"peak” and “trough” alcohol responses are however quite
different (Wolf and Arden. 2005). The latter require ~20
times less alcohol than the peak (the implications are
of alcohol required to
EOG is very

discussed below). The quantity
produce minimal changes in the small
indeed— about 1gm infused i.v. over ~20s or 12mg/kg
taken orally in a 7% v/v solution. When alcohol is taken by
mouth in this way, the blood level rises slowly for about
15min, but the RPE voltage changes are determined by the
blood levels in the first few minutes. A standard dose
that produces acceptable voltage changes is 226mg/kg,
20% v/v. With this, the peak blood level never exceeds
80m g/100 ml and by the end of the test is <40 mg/100 ml. a
level widely considered as lower than that which reduces
motor efficiency and judgement. The effective minimal blood
alcohol concentration causing any voltage change is too
small to be measurable with standard tests. This suggests
that there is an amplifier between the RPE mechanisms that
generate the voltage changes, and the mechanisms that
detect the changes in the alcohol composition of the tissues.

Alcohol is known to act on a variety of tissues, including
the central nervous system and a number of biochemical
pathways have been described (Allansson et al.,, 2001;
Dildy-Mayficld et al., 1992; Ma et al., 2001; Sepulveda and
Mata, 2004). Very few experiments on the physiological
effects alcohol have employed such low doses as those that
appear effective in the eye.

It is unlikely that CFTR plays a role in the generation of
the alcohol-EOG as alcohol does not activate CFTR
currents (Marcet ct al.,, 2004). Preliminary findings in our
department show that the alcohol-EOG 1is normal in
individuals who are homo- and heterozygous for A508

(Fig. 14) (Constable et al., 2005). Furthermore, ethanol
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(100mM) is capable of raising [Caz+]in in a human RPE
cell line (ARPE-19) (Dunn et al., 1996) (Fig.
a direct action of ethanol on the RPE and as such
alcohol-EOG is a RPE
originally proposed by Arden and Wolf (2000a).

So far, it has been shown that the increase in voltage

15) suggesting
the
for function as

sensitive test

caused by alcohol response is absent in all cases of RP
(Arden and Wolf, 2000b). the
persist, even in heterozygotes for X-linked RP (see Fig. 16
(Arden and Wolf, unpublished)). Since ERGs and fundal

However slow fall may

appearances in such persons are often very nearly normal,
and very rarely seriously depressed, the results shown in
16 may be of significance especially where genetic

be available. It

Fig.

screens may not may also have some
bearing on pathogenesis because the implication is that the
genetic abnormality is expressed in the RPE even in cases
where the retinal damage is very small. The alcohol-EOG is

also abnormal in ARMD, in a series where the light-EOG

test is much less affected (Arden and Wolf, 2003) (Fig. 17).
Alcohol EOG in Cystic Fibrosis
Fig. 14. Preliminary findings a group ofindividuals with CF (N = 5) and

controls (N = 8) showing normal ethanol responses. Ethanol dose was
IIOmg/kg administered orally at /= 0. Graphs are mean+ SEM. Two
were homozygous and three were heterozygous for A508. Data normalised
10 min preceding the stimulus. The absolute
1.66+ 0.04 for
light-EOGs of the same groups show-

to the mean voltage of the
1.59+ 0.08 for

7. where the

peak value = controls and CF patients.
Compare with Fig.

differences between controls and CF patients.

If, as our preliminary findings suggest, the alcohol-EOG
is mediated via a rise in [Caz2+]in then Ca2+ homeostasis
must be affected in early RP and ARMD and the alcohol-
EOG is able to detect such changes before advanced retinal
degeneration is apparent. It will be of interest to see in what

other cases the alcohol-EOG is also abnormal.

17.1. Relationship between alcohol and light-EO G

The EOG to be dose dependent: there is an

approximate linear relationship between the logarithm of

appears

the magnitude of the light peak
More the

same has been observed of the dose dependency of the

retinal illumination and

that extends over 3.5 decadic units. recently,

alcohol EOGs in an X linked family

Fig. 16. Alcohol-EOGs in an X-linked family. The propositus is male, and
has a severe retina] degeneration. The mother and female sibs are carriers,

with normal retinal function, but their EOGs are grossly abnormal.

(Arden and Wolf, unpublished).

100 mM ethanol on ARPE-19

Fig. 15. Response ol ARPE-19 cells to IOOmM ethanol loaded with the [Ca

Kreb's solution containing Ca2+. Ethanol IOOmM

1]jn sensitive dye, tluo-4AM . Recordings were made at room temperature in

in Kreb's was added at 30s (El) and replaced with Kreb's at 90s (K) and then challenged again w'ith

I00OmM ethanol in Kreb's (E2). The ordinate shows the rise in [Ca2+]m from a single cell expressed as a percentage change in fluorescence from baseline.

Note the sharp transient increase and the slower decay.
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Fig. 17. Comparison of the light- and alcohol-EOGs in normal subjects
and patients with ARMD . The standard errors are shown, but they are so
low that the loss ofthe peak response ofthe light-EO G in patients must be
significant, and the additional loss of the alcohol-EO G is also significant.
Note that the normalised values are averaged for each minute's records.
Compare with Figs. 7 and 14 (from Arden and Wolf. 2003). Reprinted

wfith permission of Investigative Ophthalmology and Visual Science.

response to alcohol. It is natural to consider that alcohol
may liberate the “light rise substance” but this is not so,
because the effects of light and alcohol do not interact as
they must do if that were to be the case. Fig. 18 shows that
when illumination is increased during the “alcohol rise”,
the voltage produced by light simply sums with the voltage
change produced by alcohol. However, for each agent by
itself, there is a pronounced effect of prior stimulation. A
prior (low) illumination level suppresses the response to a
large step increase of illumination (Fig. 19).

In addition, the presence of a low concentration of
alcohol in the blood prevents the development of an
“alcohol rise”. However, the alcohol response is scarcely
affected by illumination, and the light response is scarcely
affected by established blood alcohol concentrations. The
time course of the production of the “light rise substance”
is unknown, but the very similar prolonged responses
produced by alcohol can be mimicked by the brief injection
of a bolus of alcohol, which rapidly disappears from the
circulation. The simplest way of accounting for these
findings is that the mechanism that causes the change in
potential of the RPE (in this case the depolarisation of the
basolateral surface) is a slow intracellular generator within
the RPE
generator. Extracellular change (of the light substance or
alcohol)

rapidly become desensitised. The triggers release two types

cells, and a trigger mechanism activates the

operates the trigger mechanisms, which then
of “second messengers” which activate the generator. The
implication is that the RPE is responsible for the time
course of the EOG, and the voltage-time relationship is not
dependent on slow changes in photoreceptors. The work
on alcohol has also emphasised the difference between the
peak and trough processes in the EOG. The dose-response

relationship for peak and trough are different (see above)

Fig. 18. Alcohol and light: When low light levels and small quantities of
alcohol are given, the effects on the EOG are a simple summation (from
Arden and Wolf. 2000a). Reprinted with permission of Investigative
Ophthalmology and Visual Science.

so that the troughipeak ratio alters systematically with dose
(Wolfand Arden. 2004). Moreover, work on the responses
of patients with RP show that the positive peak vanishes
even in retinas with some preserved rod function, while the
fall in voltage remains (Arden and Wolf, 2000b) (Fig. 20).
One simple explanation of the fact that positive and
negative changes can be separate is that they occur at
opposite faces of the RPE. All the agents that provoke
non-photic falls in potential might be operating on apical
mechanisms, while the alcohol-induced rise, like the light
rise seems to occur at the basal surface. A mechanism on
the RPE apical surface is apparently a “receptor” for
epinephrine, at micromolar concentration (Joseph and
Miller. 1992). No such receptor has been demonstrated for
active at less than
RPE. It has

suggested that the alcohol abnormality in ARMD may be

alcohol, which is also apparently

micromolar concentration in the been
the result of a barrier between the RPE and the choroid
that prevents entry of alcohol to the sites where it can affect
the RPE. This may be of significance in the pathology of
ARMD. but has little diagnostic possibility, even though
early cases of ARMD

alcohol-peak, unless there is a direct and simple relation-

show reduction and delay in the

ship between the degree of alcohol-EOG abnormality and
the severity of ARMD.

18. Mathematical modelling

In the absence of information about mechanisms,

attempts have been made to construct mathematical

models that would describe the time course of the EOG
changes (Homer and Kolder, 1966; Taumer et al., 1976).

These authors treated the changes as a damped oscillation.
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dose ofalcohol, alcohol has almost no effect on the light rise, and light has almost no effect on the alcohol-induced increase ofvoltage. The

the light rise substance and the receptors (if present) for alcohol must therefore be independent (from Arden and W olf. 2000a).

permission of Investigative Ophthalmology and Visual Science.

time from stimulus, min

Fig. 20. The average normal alcohol-EOG (full line) is compared to the

(squares). The triangles

results in 17 patients with retinitis pigmentosa

show the same patients' responses to light. It is evident that while the
alcohol rise has been lost, a slower fall still occurs. F'rom Arden and W olf
(2000b).

Visual Science.

Reprinted with permission of Investigative Ophthalmology and

Ve 280

Nomai

[N 29

2 0.5
How background alcohol interacts with
18 alcohol EOG
o alcohol on alcohol background - 04
16 m alcohol - no background
’ * Breath alcohol n - 03 o
14
0.2
12 -
O ooun 0.1
L oo U - -
0.8 [ O B O U
-30 -20 -10 0 10 20
Time from taking alcohol (minutes)
2
How background alcohol interacts with light
1.8 - ¢ light on alcohol background
m light but no alcohol
16 -
14
1.2
" . —én +n
1
0.8 -HX. . H P e A I I T
-30 -20 -10 0 10 20 30

Time from light onset (minutes)

19. While backgrounds of low-level light prevent the appearance of a light-induced EOG. and low levels of alcohol inhibit the response to a further

“receptors” for

Reprinted with the

In view of the descriptions above, which indicate that the
early rise and the subsequent fall are produced by different
mechanisms, it would be expected that the models would
be complex, and in fact a number of free parameters have
to be introduced before the model predictions correspond
(1976)
dicate that nine free parameters are required to model the

EOG.

to experimental observations Taumecr ct al. in-

19. Clinical findings of general interest in the last 10 years

(AZOOR),

to demonstrate

In acute zonal occult outer retinopathy

Francis et al. (2005) used the light-EOG
the presence of RPE disturbances and thus help distinguish

this condition, commenting “Electrophysiological testing

can help avoid lengthy, costly, and potentially invasive

investigations” which could be used as a motto by anyone
The EOG

the only

investigating any puzzling defect of vision.

abnormality appears diagnostic in this condition
instance (apart from Best’s) where this is the case. EOGs
are abnormal in cases of Best’s associated with mutations
of the VMD2 gene, a condition which although genetic

have an onset as late as the 4th decade (Renner et al.,
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2005)— though see Pollack et al. (2005) and others above
for caveats.
Vigabatrin retinopathy has been reported to cause a
considerable change to the EOG in many patients, and this
is taken as evidence that this drug can alter RPE function
(Arndt et al., 1999; Coupland et ah, 2001; Harding ct ah.
2000a, b, 2002; Hardus et ah, 2001; Ravindran et ah, 2001).
The frequency of abnormality is greater than that of the
ERG.

do not have field defects. If field defects reverse, the EOG

and is much less in patients on vigabatrin who

remain. However, have been

EOGs,

in patients under treatment remains undeter-

abnormality may cases

reported with normal and the value of carrying
out EOGs
mined. The antiepileptic drug, lamotrigine has also been
associated recently with reduced EOG amplitudes (Arndt
ct ah, 2005).
The prognosis for patients with ARMD treated by a
360: rctinotomy and macular translocation is related to the
EOG findings. A decreased dark trough is an unfavourable
indicator for the return of visual acuity (Luke et ah, 2003).
Several workers have noticed that in type 1 neurofibroma-
tosis (Lubinski ct ah. 2001) and

interferon alpha (Crochet et ah. 2004) a

in ocular complications
associated with
decrease in the absolute value of the EOG voltage indicates
damage resulting in loss of vision. In some cases, this may
lead to an elevated light-dark ratio. The simplest explana-
tion of this finding is that the absolute voltage depends
upon ( EBasai” CApical), and as F Apicai is hyperpolarised with
respect to UBasal. The change with light depends only on the
change in FBasai, and if this is normal the Arden ratio will
appear to increase. In conditions where the TEP is reduced
but the ratio is normal, it is likely that the recorded voltage
is reduced because of a decrease in paracellular resistance.
When the absolute value of the voltage is low and the light
rise is also reduced, the underlying mechanism maintaining
the TEP is likely to be faulty.

It has been reported that malignant melanomata of the
EOG
1990), and in a large multicentre study this

posterior uveal tract cause abnormalities in the
(Brink ct al..
finding was claimed to be of use in distinguishing between
naevi, other forms of retinal detachment, and metastasis
1994. 2002).
malignant choroidal melanomata have been observed with
normal EOGs (McCormick ct al.. 1996). The EOG has

reported as of desferrioxamine

into the eve (Spadea ct al.. However,

been abnormal in cases
toxicity (Haimovici ct al., 2002; Hidajat et al., 2004), not
surprising in view of the effect in reducing the rate of dark
(Arden, 1986).

assessing toxicity have been reported (Arden et al.,

methods of
1984;

Davies et al., 1983). A number of authors have emphasised

adaptation However, other

the utility ofthe EOG in experimental studies involving the
genotyping of various retinal degenerations (and especially
the carrier states of these conditions), from RP, Usher’s
helicoidal

neuronal ceroid lipofuscinosis,

syndrome, Best’s, peripapillary chorioretinal

degeneration, senior syn-
drome, choroideremia, butterfly dystrophy and Stargardt’s

disease (Pojda-Wilczek et al., 2004).

mm NI

Abnormalities have been reported in multiple evanescent
white dot syndrome and in immunodeficiency syndromes
(Eysteinsson ct al., 1998; Greenstein et al., 2001; Gupta and
Marmor, 1995; 1999;
Vidmar et al., 2001; Jurklies et al., 2001; Lafaut et al., 2001;

Harrison and van Heuven, Jarc-

Lim et al., 1999; Miyake et al., 1996; Pinckers ct al., 1994,
1996; Ponjavic et al., 1999; Scddon ct al., 2001; Stavrou
et al., 1996; Theischen ct al., 1997, Walter et al., 1994,

1998), it has been

in cases of pigmentary disturbance or in

1999). In some (e.g. Eysteinsson ct al.,
reported that
degenerations with symptoms occurring delayed to late in
life, EOG disturbances are more frequent and profound

than are ERG disturbances.

20. Future directions

The identification and roles of the various Cl channels
in the RPE and how each relates to the generation of the
EOG and FOs will become possible when suitable animal

models of Best’s disecase become available. The develop-

ment of specific mammalian CE channel blockers has
already begun to reveal the role of CFTR in the RPE and
with further developments the RPE’s CIl channels'

contribution to the EOG components will become clearer.
From the clinical point of view, the number of conditions
where EOGs have diagnostic value are increasing, and now
that it is possible to compare membrane changes evoked
(by light) from

alcohol acting from the choroidal surface, EOG

the retinal surface with those evoked by
analysis
serve to further information about the

may produce

pathology of retinal and RPE degenerations.
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Abstract

P-Giycoprotein (P-gp). an active efflux transporter encoded by the MDR | gene, has recently been identified in the human and pig retinal pigment
epithelium (RPE) in situ. Efflux pumps such as P-gp are major barriers to drug delivery in several tissues. We wished to establish whether human
RPE cell lines express P-gp under the culture conditions recommended for each cell line so as to determine their suitability as in vitro models for
predicting drug transport across the outer blood—retinal barrier. Three human RPE cell lines. ARPE19. D407 and hiRPE were investigated.
Reverse transcriptase—polymerase chain reaction (RT-PCR) was carried out to determine the expression of MDR1 mRNA. Immunocytochem -
istry using the P-gp-specific antibody C219 was undertaken to investigate the presence of P-gp protein in each cell type. Uptake of rnodamine
123, a P-gp substrate, in the presence or absence of pre-treatment with a P-gp inhibitor, verapamil, was measured in each cell line to determine
functional expression of P-gp. For all experiments. MD CK cells stably transfected with the human MDRI| gene (MDCK-MDR1) were used as
a positive control. ARPEI9 cells were consistently negative for P-gp as assessed by RT-PCR and immunocytochemistry. By contrast. RT-PCR of
D407 and hiRPE samples yielded weak bands corresponding to M DR I; P-gp protein expression, as demonstrated by C219 immunoreactivity.
was also present. Rhodamine uptake after treatment with verapamil was significantly greaterin D407 and MDCK-MDRI. indicating functional
expression of P-gp in these two cell lines. No evidence of functional P-gp was found in ARPE19 and hiRPE. In conclusion, D407 and hi RPE
cells express P-gp. though functional activity was demonstrable only in D407 cells. ARPE19 cells do not express P-gp. O f these human RPE
cells lines D407 could be considered as a suitable model for in vitro drug transport studies, particularly those involving P-gp substrates, w'ithout
modification of their usual culture conditions.

© 2006 Elsevier Ltd. All rights reserved.

Keywords: P-glycoprotein; retinal pigment epithelium; cell lines; drug transport

1. Introduction cells (RPE) that form a barrier between the choroid and neural
retina (outer BRB). The BRB is thus composed of effective

Drug delivery to the retina is constrained by the presence of cellular barriers that restrict the passive influx of most sub-

a blood—retinal barrier (BRB), which regulates the permeation
of substances from the blood into retinal tissue. The BRB is
formed by tight junctions (zonulae occludentes) between en-
dothelial cells that make up the walls of retinal blood vessels

(inner BRB) and similarly between retinal pigment epithelial

* Corresponding author. Tel.: +44 207 040 3988: fax: +44 207 040 8494.
E-mail address: p.a.constable@ city.ac.uk (P.A. Constable).

0014-4835/$ - see front matter © 2006 Elsevier Ltd. All rights reserved,
doi:10.1016/j.exer.2005.10.029

stances, with the exception of small lipid soluble molecules
(Cunha-Vaz, 2004).

Efflux transport systems provide further barriers to drug
penetration, by actively removing drugs from the retina and
transferring them back into the systemic circulation. P-glyco-
protein (P-gp) is a well-characterised efflux transporter that is
strongly expressed by retinal vascular endothelial cells
(Greenwood, 1992) and has recently been identified in human

RPE (Kennedy and Mangini, 2002) and on the basolateral
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membrane of pig RPE (Steuer el al.,, 2005). P-gp displays
broad substrate specificity, including the cardiac glycoside
digoxin, vinca alkaloids (vincristine and vinblastine), HIV
protease inhibitors (saquinavir and ritonavir), corticoids (dexa-
methasone and hydrocortisone), immunosuppressants (cyclo-
sporin A) and antibiotics (erythromycin, gramicidin D and
valinomycin) (reviewed by Schinkei and Jonker, 2003).

The increased pace of discovery of candidate drug mole-
cules requires a high-throughput quantitative screen to predict
tissue penetration, and cell-based in vitro models are being in-

creasingly wused for this purpose (Gumbleton and Audus,

2001) . Although retinal drug delivery is a rapidly emerging

field (Duvvuri et al., 2003) few studies have evaluated suitable
in vitro models. The aim of the present study was to determine
whether RPE cell lines derived from human express P-gp
when grown under culture conditions recommended by the
original authors.

Three human RPE cell lines were studied. The ARPEI19
cell line is a well-established model of human RPE that ex-
hibits many characteristics of native human RPE (Dunn
et al.. 1996, 1998; Mitchell. 2001). Like ARPE19, D407 cells
arose spontaneously and have been used to model the outer
BRB (Mannerstrom et al., 2002) and they also maintain char-
acteristics of human RPE (Davis et al.,, 1995). The newly im-
mortalised RPE cell line, hIRPE, is the result of transfection
of human RPE cells with a SV40 large T antigen and therefore
one might expect the phenotype to be closest to that of primary
human RPE cells; these cells have been shown to retain many
biochemical and morphological features of the human RPE in
situ (Greenwood et al., 1996; Kanuga et al.,, 2002). The
ARPE19 and hIRPE cell lines have been successfully used
to attenuate visual loss, by transplantation into the sub-retinal
space of an animal model of inherited retinal degeneration, the
Royal College of Surgeons (RCS) rat (Lund et al., 2001).

We studied expression of MDR 1 (P-gp) mRNA by RT-PCR
and of P-gp protein by immunocytochemistry. Functional P-gp
expression was investigated by uptake of the P-gp substrate
rhodamine 123 by RPE cells in the presence and absence of

pre-treatment with the P-gp inhibitor verapamil.

2. Materials and methods

2.1. Cell culture

Three human RPE cell lines were studied: D407 (Davis et al.,
1995), ARPE19 (Dunn et al.,, 1996) and hIRPE (Kanuga et al.,

2002) . Madin Darby Canine Kidney (MDCK) cells, which do

not express P-gp, and MDCK-MDR1, which have been trans-
fected with full-length human MDR1 and express functional
P-gp (Pastan et al., 1988), were used as controls. MDCK and
MDCK-MDRI1 cells were kindly provided by R. Melarange,
GlaxoSmithKline, Ware, UK; D407 cells were a generous gift
from Dr Richard Hunt, University of South Carolina Medical
School, Colombia, SC, USA; ARPEI19 cells were supplied by
the American Type Culture Collection (ATCC, Manassas, VA,
USA), and h IRPE were a generous gift of Prof. John Greenwood
(Institute of Ophthalmology, University College London, UK).

The ARPEI19 cell line retains many features of human RPE
including mild pigmentation, the expression of RPE65 and
cellular retinaldehyde-binding protein (CRALBP). ARPE19
has a diploid karyotype but has apparent alterations in chro-
mosome s and 19 (Dunn et al., 1996). D407 also
spontaneously and express CRALBP but are non-pigmented.

arose

The karyotype above passage 52 shows a near triploid modal
chromosome number (Davis et al., 1995). hIRPE is a trans-
fected cell line and maintains a stable phenotype expressing
RPE65 and CRALBP as well as exhibiting polarity but lack-
ing pigmentation (Lund et al.. 2001; Kanuga et al., 2002).
The cells used in this study exhibited cobblestone morphol-
ogy similar to that of RPE cells in situ.

ARPE19 cells were grown in a 1:1 mixture of Dulbecco’s
(DMEM:F12)
supplemented with 10%

modified Eagle’s medium and Ham’s F12
(Gibco-Invitrogen, Paisley, UK)
(vol/vol) heal inactivated foetal calf serum (FCS), 100U/ml
100pg/ml
(Gibco-Invitrogen). Cells were used at passage 24—30. D407

penicillin, streptomycin and 2mM Glutamax
cells were grown in DMEM with high (4.5 g/l) glucose
(Gibco-Invitrogen) supplemented with 10% heat inactivated
FCS, 100 U/ml penicillin, 100 pg/ml streptomycin and 2 mM
Glutamax; they were used at passage 85—97. hIRPE cells
were grown in Ham’s F10 with 20% heat inactivated FCS.
100 U/ml penicillin, 100 pg/ml streptomycin. 100 pg/ml am-
photericin-B and 2 mM glutamine. Cells were used at passage
22—33. MDCK and MDCK-MDR1 cells were grown in the
same medium as D407 cells and used within 40 passages of re-
ceipt. The time from seeding to reaching confluence varied be-
tween the cell lines with hlIRPE cells taking 2—3 days longer
than the other cell lines used. Therefore these cells were seeded
earlier so that all cell lines reached confluence on the same day
and all experiments were then performed I- 2 days post conflu-
ence. Cells were passaged upon reaching confluence (5 min at
room temperature in calcium- and magnesium-free Hank’s bal-
anced salt solution, followed by 0.25% trypsin-EDTA solution)
at a 1:4 split. Cells were maintained in a humidified incubator
at 37 °C with 5% C 02/95% air.

All chemicals were supplied by Sigma, Poole, UK unless

otherwise specified.

2.2. RT-PCR

Total RNA was extracted from cells grown in flasks with
RNABee (Biogenesis, Poole, UK) according to the manufactur-
er's protocol. Purity and concentration were determined by
ultraviolet spectrophotometry. 1 pg of total RNA from each
sample was reversed transcribed in a total volume ofz20 pi con-
taining oligo d(T)|s primer, RNasin and reverse transcriptase
(all from Promega, Southampton, UK). Primers were designed
to delect MDRI AF016535) (5'-
CGAAACCGTATCAGTCCTCG-3"; 5'-CTTGAGTCTGAGA-
GACCACC-3"; corresponding to the nucleotide sequences
3099—3118 and 3652—3671
ATCGTGGGCCGCCCTAGGCAC-3"; 5'-TGGCCTTAGGGT-
TCAGAGGGGC-3"; 1343-1363 and 1652-1673, respectively
(Oddiah et al., 1998). They were synthesised by Sigma Genosys

(accession number

respectively) and (3-actin (5'-
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(Pampisford, UK). Reverse transcriptase was omitted from the
negative controls. The reverse transcription reaction was carried
outat42 °C for 60 min then 99 °Cfor5 min. Amplification was
performed with 2.5 pi cDNA in a total volume of 25 pi contain-
ing: magnesium-free reaction buffer (Promega), 1.5 mM MgCl:
(Promega), 0. mM of each primer, 0.5 mM dNTPs (Bioline,
London. UK) and 0.625 U Taq DNA polymerase (Promega).
PCR was performed in a thermal cycler (GeneAmp 9700; Ap-
plied Biosystems, Warrington, UK), with 5 min at 94 °C for de-
naturing, followed by 30 cycles of 30 s at 94 °C, 30 s at 55 °C,
30 s at 72 °C, with a final 7 min at 72 °C. For each sample,
anegative control was included to check forabsence of genomic
DNA. PCR products were subjected to gel electrophoresis (1%
agarose stained with 5 pg/ml ethidium bromide) together with
a size marker (Hyperladder 1; Bioline). The expected product
size was 554 bp for MDR1 and 243 bp for (3-actin. The PCR
products were cloned into the pCR2.1 vector by means of the
Original TA Cloning Kit (Invitrogen). Plasmids were isolated
with the Sigma GenElute Plasmid Miniprep Kit and the identity
of the inserts confirmed by sequencing (Molecular Biology

Unit, King’s College London).

2.3. Immunocytochemistry

To enhance attachment and growth of the cell lines, glass
cover slips (12 mm diameter) were pre-coated with 5—
1opg/cmz2 of mouse collagen type-1+ solution and placed in
4-well chambers (Nunc, Roskilde, Denmark) overnight at
37 °C. Excess collagen solution was aspirated the next day be-
fore cells were seeded at 5 x 104 D407; 1 x 10s ARPE19; and
2 x 10s MDCK-MDRI and hIRPE

grown to confluence in their respective media. All procedures

cells/ecm2. Cells were

were carried out at room temperature unless stated otherwise.
Cover slips were washed twice in phosphate-buffered saline
(PBS) for 5 min and fixed with ice-cold acetone at 4 °C for
10 min. They were rinsed three times in PBS and blocked in
PBS containing 0.5% (wt/vol) bovine serum albumin and
5% (vol/vol) mouse serum for 20 min before they were
washed thoroughly three times for 5 min in PBS. The antibody
C219 (ID Labs, Glasgow, UK) recognizes an internal epitope
of human P-gp; it was added at a dilution of 1:10 in blocking
buffer and cells incubated for 60 min. Cover slips were washed
three times for 5 min in PBS before the secondary antibody
(FITC-conjugated goat anti-mouse; Dako, Glostrup. Denmark)
was added (1:200 dilution in blocking buffer) and incubated in
the dark for 1 h. Cover slips were washed three times in PBS
and nuclei counterstained with propidium iodide («+ pg/ml in
PBS) before they were washed three times in PBS and
mounted with lluorescent mounting medium (DAKO). Cells
were imaged with a Zeiss Axiovert 510 laser scanning confo-
cal microscope (Carl Zeiss, Jena, Germany) with dual excita-
tion of 488 nm and 543 nm at appropriate magnification. They
were viewed with a 40x oil immersion lens. Images
(1024 x 1024 pixels) were stored on computer hard drive
and viewed with Axiovision ver. 3 (Carl Zeiss, Jena, Ger-
many). Negative controls (not shown) were incubated with

the secondary antibody only.

2.4. Rhodamine 123 uptake assay

Cells were seeded at the densities noted above into 24-well
plates (Nunc) and grown to confluence in their respective rec-
ommended media. Rhodamine 123 was diluted from 20 mM
stock in ethanol to 20 pM in buffer. The buffer was, in mM:
NaCl 140; KC1 4.8; MgS04 1.0; CaClz 1.8; KH2P04+ 0.2;
HEPES 15; and glucose 5.0 adjusted to pH 7.40 with NaOH.
One plate was designated for treatment with verapamil in
DMSO diluted in buffer to give a final concentration of
50 pM verapamil and 0.125% DMSO (vol/vol). The second
plate was treated with buffer containing 0.125% DMSO
(vol/vol) and acted as a control. In each plate 4 wells were
pooled to give | sample. One sample from 4 wells was used
as the spectrophotometric blank and a separate sample from
4 wells for protein assay.

All experiments were conducted independently in triplicate
with 5 samples per experiment. Cells were washed in buffer
briefly to remove all medium then 0.5 ml of buffer containing
either verapamil or DMSO was added to the test or control
plate respectively. Plates were incubated for 40 min at 37 °C
before solutions were aspirated and replaced with 0.5 ml of
buffer containing 20 pM rhodamine 123. The cells were incu-
bated for a further 60 min at .37 °C before being washed three
times quickly with ice-cold buffer to stop the reaction. Cells
were then lysed in Triton-X (1% vol/vol) in buffer (0.5 ml
per well) for 90 min at room temperature in the dark.

Cell lysates pooled from 4 wells (2 ml) were used for
absorbance measurements or were stored at —55 °C for pro-
tein assay. The absorbance spectrum for rhodamine 123 was
determined by spectrophotometry (Shimadzu, Kyoto, Japan)
and gave a peak at 501 nm. Total absorbance at 501 nm was
determined in an Ultraspec * II spectrometer (LKB Biochrom
Ltd. Cambridge, UK).

Total protein for each cell line was determined for each run
using the BCA protein assay kit according to the manufactur-
er’s instructions (Pierce, Tattenhall, UK). Bovine serum albu-
min (BSA) standards were diluted from 2 mg/ml stock. 100 pi
of standards and 100 pi of cell lysate was added in triplicate
to a 96-well plate (Nunc) and 100 pi working reagent was
added to each well. The samples were incubated at 37 °C
for 30 min before total absorbance was read in a plate reader
(Multiskan Ascent“, Thermo, Basingstoke, UK). Total protein
per 100 pi was determined for each cell line in each of the
three runs.

Rhodamine 123 uptake was normalised per pg of protein
for each cell line in each of the runs and was expressed
as Abs50|/pg protein. Statistical analysis was by Student’s
/-test, with P < 0.05 taken as significant.

3. Results
3.1. RT-PCR
RT-PCR was performed on samples of parent MDCK cells

and MDCK cells stably transfected with MDR1 (MDCK-
MDRI). A strong band of the size expected for the MDRI1
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amplification product (554 bp) was seen in the MDCK-MDR1
cells but only a very faint band for MDR1 was detected in the
parent line (Fig. I). However, (3-actin amplified strongly in
both cell types; there were no bands in the negative controls
(reverse transcriptase omitted from the RT reaction; results
not shown), indicating that genomic DNA was not present.

Samples of the RPE cell lines were screened for MDR1
mRNA; an example of a gel is shown in Fig. 2a. Amplification
products of the expected size were seen with hi RPE cells in 2
out of 4 independent samples and in D407 cells (4 out of 5 in-
dependent samples), although the bands, when present, were
faint. No bands were detected for ARPE19 cells in 5 indepen-
dent samples. MDCK-MDR1 cells were always run as a posi-
tive control. All RPE cell samples showed positive bands for
(3-actin (Fig. 2b), but reactions in which reverse transcriptase
was omitted yielded no bands (results not shown).

Sequencing of the amplified products confirmed that they
were identical to published data for human MDR L

3.2. Immunocytochemistry

Staining with the P-gp specific antibody C219 revealed
strong immunoreactivity in MDCK-MDR1 cells. Plasma mem -
brane staining was evident, but P-gp was also expressed in the
cytoplasm (Fig. 3a). For RPE cells, ARPE19 cells were con-
sistently negative for P-gp (Fig. 3d). However, hi RPE and
D407 showed weak immunoreactivity that appeared to be
heterogeneously distributed throughout the cell (Fig. 3b,c

respectively).

3.3. Rhodamine uptake assay

Rhodamine 123 enters cells passively but can be extruded
from the cytosol by P-gp. The inhibition of P-gp with verapa-
mil prevents the extrusion and therefore rhodamine 123 accu-
mulates in the cytosol. Such an increase in intracellular
rhodamine 123 can be clearly seen for the positive control
(MDCK-MDR1) (Fig. 4). Of the human RPE cell lines, only
D407 showed a significant difference in uptake (P < 0.01) be-

tween verapamil treated and control (see Fig. 4), indicating

554 bp
243 bp
L 1 2 3 4
Fig. I. MDR1 and P-actin mRNA expression in MDCK and MDCK-MDR1

cells: gel of PCR amplification products. Strong bands of the expected size
for MDRI (554 bp) were seen in the MDR 1-transfected cells (lane 2), but
only very weak bands in the parent cell line (lane 1). Bands for P-actin (ex-
pected product size 243 bp) were seen in both cell types (lanes 3 and 4,
MDCK and MDCK-MDR1 respectively). L size marker.

L 1 2 3 4

Fig. 2. Expression of mRNA for MDRI and p-actin in RPE cell lines: an ex-
ample of a gel of PCR amplification products, (a) Bands for M DRI (expected
size 554 bp) were faint for hiRPE (lane 3) and D407 (lane 4) cells, but
ARPE19 (lane 2) cells were negative. A sample of MDRI-MDCK cells was
included as a positive control (lane 1). (b) All samples show bands of the

size expected for p-actin (243 bp. L size marker).

functional expression of P-gp. An absence of P-gp activity
is demonstrated by no difference in cytosolic rhodamine
123 levels when verapamil is used to block P-gp. This was
the case for both ARPE19 and hIRPE7, despite the fact that
P-gp was detected in hIRPE7 at both mRNA and protein

levels.

4. Discussion

Rapid advances in the understanding of the molecular path-
ogenesis of retinal disease have highlighted the need for tar-
geted drug delivery. Several strategies have been developed to
overcome the poor penetration of drugs into the retina. Intravi-
treal injections are routinely performed to circumvent the BRB.
However, repeat injections are necessary to maintain therapeu-
tic drug levels and a number of complications are associated
with this invasive procedure (Morlet et al., 1993). Intravitreal
implants can maintain drug concentrations over longer periods,
although they still require surgical placement (Jaffe et al.. 1998;
Velez and Whitcup, 1999). Whilst recent studies have high-
lighted the trans-scleral route as an attractive non-invasive
method for delivering drugs to the choroid and retina (Ambati
and Adamis, 2002), the RPE remains a significant permeabil-
ity barrier. The capacity of the RPE to transport drugs has
been largely unexplored, despite developments in transporter-
targeted drug delivery in other tissues (Mizuno et al., 2003).

The recent description of P-gp expression in the human
RPE in situ (Kennedy and Mangini, 2002) has significant
implications for retinal drug delivery. Studies have shown that
P-gp is an important impediment to the influx of certain hydro-
phobic drugs across the blood—brain barrier (Kusuhara and
Sugiyama, 2001). Several brain capillary endothelial cell lines
that stably express P-gp have proven to be useful tools for the
study of drug transport and P-gp activity in particular (Begley
et al.. 1996; Pham et al., 2000). Since immortalised RPE cell
lines retain many of the morphological, biochemical and func-

tional characteristics of RPE cells in vivo (Lund et al., 2001;
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Fig. 3. Results of immunocytochemistry show strong staining in the positive control MDCK-MDR1 cells (a). ARPE19 cells (d) were negative whilst weak staining

was evident with hIRPE and D407 cells (b and c respectively). Negative controls (not shown) in which the primary antibody was omitted were immunonegative.

Scale bar 20 pm.

Kanuga et al., 2002), it is of significance to establish whether
these cells express P-gp to determine their suitability for future
drug-transport studies.

The well-characterised human RPE cell line, ARPE19, con-
sistently lacked P-gp expression by RT-PCR, C219 immuno-
cytochemistry and rhodamine 123 wuptake assay. This is
significant given that ARPE19 have previously been shown
to express the closely related transporter, multidrug resis-
tance-associated protein (MRP) (Aukunuru et al., 2001). How-
ever, these proteins are frequently not co-expressed in other
cells. For example, the rat brain endothelial cell lines, GPNT
and RBE4, show strong P-gp activity despite lacking MRPI1
(Regina et al., 1998, 1999).

The spontaneously immortalised RPE cell line D407 has
been previously shown to express MDR1 mRNA, and Western
blots confirmed protein expression (Kennedy and Mangini,
2002). The present study was able to identify a faint MDR1
message in most of the cultures tested, P-gp immunoreactivity
was weak, which may be due to the higher passage number
(86—97) wused in this study compared to Kennedy and
Mangini’s (57—58) (Kennedy and Mangini, 2002). However,

we were able, for the first time, to demonstrate functional
P-gp expression in this cell line.

The hIRPE cell line arose following a SV40 large T cell
antigen transformation of human RPE primary cultures
(Kanuga et al.,, 2002). These cells express a number of
RPE markers including: RPE-65, CRALBP, ZO-1, 3-catenin,
and brain-derived neurotrophic factor (BDNF). However,
P-gp expression in hIRPE cells was variable and the rhoda-
mine uptake assay failed to demonstrate significant P-gp
activity.

Cell culture conditions have been shown to significantly
influence P-gp expression in a variety of cell types (Tatsuta
et al., 1994; Hirsch-Emst et al., 1995; Lechardeur et al.,
1995; Regina et al.. 1998; Gaillard et al.. 2000). Although
Kennedy and Mangini (2002) were able to show constitutive
P-gp expression in human RPE primary cultures, an earlier
study found that, although mRNA for MDRI1 was present,
P-gp protein was only detected after pre-treating the cells
with the anti-mitotic agent daunomycin (Esser et al., 1998).
These data raise the possibility that P-gp can be upregulated

in suitable RPE cell lines by appropriate selection of substrate,
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Rhodamine 123 uptake assay

Fig. 4. Rhodamine 123 accumulation in verapamil-treated (open bars) and con-
trol (shaded bars) cells. The significant difference seen with MDCK MDR1
cells indicates functional P-gp activity. Of the human RPE cell lines only
D407 shows significant activity; ARPE19 and hi RPE showed no significant
difference in accumulation between treated and control cells, indicating no
P-gp activity. Bar graphs represent means of n — 15 samples front 3 indepen-
dent runs. Data are mean + SEM; n = 15 samples from 3 independent exper-
iments. (**P < 0.01, ***p< 0.001).

varying the composition of the culture medium and/or pre-

treating the cells with anti-mitotic or cell differentiation

agents.
In conclusion, D407 has the potential to be used to incor-
porate P-gp mediated transport into an overall permeability

screen of candidate drugs across the RPE.
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Abstract Cystic fibrosis (CF) is caused by a
defect in the cystic fibrosis transmembrane con-
ductance regulator (CFTR) which is a chloride
channel. CFTR isexpressed in the retinal pigment
epithelium YWRPE) where it is believed to be
important in generating the fast oscillations (FOs)
and potentially contributing to the light-clectro-
oculogram (EOG). The role of CFTR in the
alcohol-EOG is unknown. We recruited six indi-
viduals with CF (three homozygotes for A508 and
three heterozygous for A508) and recorded the
light- and alcohol-EOGs as well as the FOs and
compared them to a control group. The results
showed that in the CF group the amplitude of the
alcohol- and light-EOGs were normal. However,
the time to peak of the light- and alcohol-rises
were significantly faster than in the control group.
We conclude that CFTR is not primarily respon-
sible for the alcohol- or light-rises but is involved
in altering the timing of these responses. The FOs
showed differences between the homozygotes,
heterozygotes and the controls. The amplitudes
were significantly higher and the lime to the dark
troughs were significantly slower in the hetero-

zygote group compared to both controls and the
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homozygotes. In contrast, the homozygotes did
not differ in either amplitude or the timing of the

FOs compared to the controls.

Keywords Alcohol «Cystic fibrosis »
Electro-oculogram <« Fast oscillation -«

Retinal pigment epithelium

Introduction

Cystic fibrosis (CF) is a disease in which lung
function is primarily affected. It is inherited
recessivelv. The gene involved, cystic fibrosis
transmembrane conductance regulator (CFTR),
encodes for the cystic tibrosis transmembrane
conductance regulator chloride channel [1-3].
The most prevalent Caucasian mutation results in
the deletion of phenylalanine at position 508
(A508) and thereby renders CFTR incapable of
reaching the plasma membrane [1,4-8], Hetero-
zygotes for A508 are also affected, though typi-
cally mildly. However, the genotype is not always
correlated to the severity of the phenotype [9, 10].
CFFR gating requires ATP binding and hydro-
lysis and is also regulated by cAMP dependent
protein kinase-A (PKA) phosphorylation [11-15],

CFTR has been identified in both the apical
and basal membranes of foetal RPE sheets [16]
and the corresponding m RN A has been identified

in adult human RPE and retina [17], in cultured
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RPE cells [18,19] and canine RPE [20]. Although
vision is normal in CF, two abstracts have found
that the FOs are reduced whilst the light-EOG is
normal [17, 21]. However, in A508 homozygous
mice and in CFTR null mice the FOs are still
present which suggests that the FOs are not solely
dependent on CFTR [22]. One possible role for
CFTR in the RPE is fluid regulation [16] although
its contribution is probably minimal [20]. CFTR
also transports ATP into the sub-retinal space.
This potentially could contribute to the light-rise
if ATP binds to an apical purinergic receptor
which would then increase the intracellular cal-
cium concentration ([Ca2t]in). In turn the raised
[Ca2+]in could increase the basolateral chloride
conductance associated with the light-rise of the
EOG [18].

The main aim of this study was to determine
whether CFTR was involved in generating the
alcohol-EOG. Alcohol has been shown to alter the
ocular standing potential in vivo in ovine [23] and
in bovine RPE preparations in vitro [24, 25]. A
slight increase in the human ERG b-wave has been
reported, but alcohol does not appear to alter the
retinal responses in any other way [26] and is thus
most likely to be acting directly upon the RPE.
Human studies [27, 28] show that oral doses of
alcohol causes a rise in the ocular standing poten-
tial that mimics the light-rise of the EOG. A pro-
posed model is that ethanol acts on a different
initial receptor to the 'light-rise' substance but
both ethanol and light share the same common fi-
nal basolateral membrane chloride channel [27,
29]. Determining whether CFTR isinvolved or not
in the alcohol-EOG is important as the alcohol-
EOG has been shown to be more sensitive than the
light-EOG in detecting early RPE dysfunction in
retinitis pigmentosa and age related macular
degeneration [29, 30]. Such a finding would impli-
cate CFTR in these retinal diseases.

The current understanding of the generation of
the light-rise is that light liberates an as yet
unidentified substance from the rods that binds to
an RPE receptor that initiates a rise in [Ca2+]in.
The elevated [Ca2,]in causes a basolateral chlo-
ride channel to open thereby depolarising
the basal membrane, and generating the light-
rise [31-34]. The basolateral chloride channel

responsible for the light-rise is believed to be

'S Springer
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bestrophin based on clinical findings [35-37].
However, new findings now suggest that bestro-
phin regulates Ca2+ entry into the RPE, and that
the basolateral chloride channel is in fact a Ca2+-
gated chloride channel and not bestrophin [38,
39]. Our current understanding of the light-
evoked responses and the chloride channels in-
volved and how they interact is becoming more
complex and the interactions between the baso-
lateral chloride channels appears to be more in-
volved than previously believed. For review, see
[40]

The light-EOG requires functioning RPE and
photoreceptor complex to generate the light rise.
One limitation of the light-EOG is that an absent
light response does not discriminate between
dysfunction of the photoreceptors or the RPE
[41] , The clinical utility of the light- and alcohol-
EOGs have been further questioned by the vari-
ability in the responses [42, 43]. It has been a long
held hope that a sensitive and clinically viable
clectrophysiological measure of RPE function
would be found. Given the close association
between the light- and alcohol-EOGs, an under-
standing of the mechanism of the alcohol-EOG
may lead to other substances being used to pro-

vide such a test.

Methods

All participants provided written informed con-
sent in accordance with the protocol approved by
City University's Senate Research and Ethics
Committee and in agreement with the tenets of

the 2nd declaration of Helsinki.

Participants

The mean UK life expectancy for an individual
with CF is ~29 years and diabetes mellitus is a
common complication. Sufferers require medica-
tion, and the patients in our group were all taking
prednisolone 5 mg Ix day, vitamin supplements,
pancreatic enzymes, antibiotics and nebulisers.
One of the CF group had received a lung trans-
plant 18 months previously and was taking the
following additional medications: immunmosup-
125 mg 1x day and

pressives (azathioprine
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cyclosporine 250 mg 2x day); anti-hypertensives
(ramipril (ACE inhibitor) 10 mg Ix day and
doxazosin (ar agonist) 16 mg Ix day). This indi-
vidual’s results were not incorporated into the
statistical analysis owing to the potential for these
medications to disrupt the RPE [44,45]. However,
this individual’s responses are shown in the figures
and are labelled as ‘lung transplant'. Another of
the CF participants was an insulin dependent dia-
betic and was also taking furosemide 40 mg
Ix day and warfarin ¢ mg Ix day. His blood
glucose levels at the time of recording the FOs
were normal at 6.0 mmol/l. Elevated blood glucose
levels have been shown to increase the amplitude
of the FOs [46],

Volunteers were contacted via the United
Kingdom CF trust website. All CF volunteers
were Caucasians attending specialist CF clinics
within the UK. and referred by their consultant
physicians. Their genotypes were known with
each individual having been screened for the 33
alleles known to be associated with CF. There are
other genetic and environmental factors that
contribute to the final CF phenotype with some
heterogeneity observed in the phenotype, even
amongst individuals with the same genotype [s,
10]. Of the five CF participants included in this
study, two were homozygous for A508 (A508/
A508) and three were heterozygous for A508 with
one other unidentified allele (A508/?). The female
pair of homozvgotes ages were 18 and 20 years. In
the all-male heterozygous group, the ages ranged
from 37 to 43 years. The mean age of the CF
group was 32 with a SD of +11 (TV= 5). The older
age of the heterozygous group may reflect the
difference in the severity of these two genotypes.

A control group of normal participants was
recruited. The control groups for the tests were
not identical with some participants declining ei-
ther to have mydriasis or to drink alcohol. The
mean age for the light-EOG was 41 with a SD of
+12 (N =56) and ranged from 21 to 54 years with
five males and one female. For the alcohol-EOG
the mean age was 44 with a SD of:s (N =56) and
ranged from 34 to 54 years with four males and
two females. For the FOs the mean age was 34
with a SD of £11 (TV= 9) and ranged from 20 to
54 years with seven males and two females. There

was no significant difference in age between

groups for the light-EOG ( = 0.2063), FOs
0 = 0.6834) and alcohol-EOG (p = 0.0789).
Binocular motility, visual acuity and colour vision
were normal for all subjects. All tests were per-

formed on the same day for each participant.

Electrophysiology

All procedures were identical for the CF and
control participants. The participants were asked
to fast overnight for at least 10 h. Two dim red
LEDs that subtended 30° to the observer were
mounted on a uniform white wall. The ceiling and
side walls were also illuminated and we believe
this provides (approximately) full field illumina-
tion. The skin was cleaned and 5 mm diameter
gold electrodes filled with conductive jelly were
taped to the skin near the outer canthi of each eye
and one reference electrode was placed on the
forehead (electrode impedance was 3-5 kf2).
Electrodes were connected to a digital voltmeter
(Keithley 2700) (Keithley Instruments, Ohio,
USA) and voltages were sampled every 240 ms
whilst the subject executed horizontal saccades at
1 Hz (maintained with the aid of a metronome).
For the alcohol- and light-EOGs, the subject
performed saccades for 10 s when instructed. A
period of 26 min was allowed for dark adaptation
(<o.01 cd/m2) before either the light (100 cd/m2)
was turned on or alcohol was drunk in order to
generate either the light- or alcohol-EOGs,
respectively. The alcohol was whisky, diluted with
water to 7% ethanol (vol/vol) at a dose of 110 mg/
kg body weight. Recordings were continued for a
further 34 min. Pupils were dilated with 0.5%
tropicamide to at least 7 mm diameter for the
light-EOG and FOs only. For the FOs illumina-
tion was altered at 60 s intervals and recordings

made continuously for 10 min.

Instrumentation

The voltmeter was connected via an interface
card to a PC and voltage difference between each
canthal electrode recorded in a spreadsheet with
ExceLINX ,M (Keithley). The modulus of the
voltage difference between successive recordings
I(vn-i - %)! was then taken. Most of these voltage

differences were very small, because in the

*£] Springer



Time (Seconds)

Fig. 1 Trace of the standing potential over time between
dark and light indicated by the bars. The amplitude of the
standing potential at a given time was taken as the
difference in voltage between consecutive data points as
the eyes executed horizontal saccades and is indicated by
the arrow labelled (A). The absolute voltage differences

were then plotted as in Fig. 2

(n - 1)th and nth episodes, the eyes did not move.
However, in some instances they were large, be-
cause the eyes repositioned between the two
samples. By taking the modulus of the voltages
both positive and negative voltage differences
were treated identically - i.e., the signal was the
and medial eye movements.

same for lateral

Figure 1 shows the actual results and Fig. 2 the
upper

boundary of the points can be seen to describe a

results after the transformation. The

0 60 120 180 240
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curve which varies as the light/dark condition
changes.
For the light- and alcohol-EOGs the mean
standing potential for the preceding 10 min inter-
val before stimulus was used to normalise the data
points (see appendix 1) [27]. Time to peak and the
absolute maxima of the light peak were compared
between the CF groups and controls. In addition,
the ratio of the light peak to the second trough that
follows the peak was also measured [47]. In the FO
the peak voltage occurs in the dark cycle and the
minimum occurs in the light cycle so the peak to
trough ratio represents the dark-rise maximadight-
trough minima (DR:LT). The times from dark-rise
peak to light-trough minima were also recorded. A
total of four measurements were taken from each
individual's trace.
and measurements of the

ISCEV standard

The recordings
EOGs deviated from the 1993
[48] in the following ways. The pre-adaptation
time was longer than the ISCEV standard for the
EOGs so that a baseline could be established [27,
29, 30]. The recording of only four oscillations in
ISCEV

recommendations of six but four has been re-

the FOs was lower than the standard

ported to be adequate and it also reduces the test

300 360 420 480 540 600

Time (Seconds)

Fig.2 The transformation of taking the absolute voltage
differences between successive data points (as shown in
Fig. 1). When plotted the voltage differences describe a
curve that alters in relation to light and dark and
approximates the ocular standing potential. The figure
above shows the FO for a A508/A508 homozygote. The
dark-rise:light-trough ratio (DR :LT) is represented by the

magnitude of arrow (A) with the time from peak to trough

C) Springer

represented by arrow (B). From each trace four values
were recorded. The intervals in dark are represented by
black bars. The heavy dotted line is drawn here to indicate
the oscillations and grey crosses approximate the DR peak
and LT minumum. Points that were distant from this line
were not used and represented artefacts such as blinks or
coughs from the participants and are evident in the 180-

240 and 420-480 s intervals
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time [49]. We did not use a Ganzfeld bowl and we

recorded bi-temporally.

Statistics

The results are expressed as mean + SD wunless
otherwise stated. Test for equal variance was used
(/*-test) for all parameters. Student's unpaired
two-tailed Mest was used for the EOG results.
l-way ANOVA was performed on the FO
parameters. Least squares linear regression anal-
ysis was performed on the DR:LT ratio and FO
latency. A p-value of <0.05 was taken as statis-
tically significant. Statistical calculations were
performed using Minitab™ software (MinitabIM,
Coventry, UK).

Results

There was no difference in the amplitude of the
alcohol-EOG between the CF group and the
controls (Fig. 3). The amplitudes were 1.62 £ 0.16
(TV=6) for controls and 1.67 + 0.07 (N =5) for
the CF group (p = 0.8533). The times to peak
were: for the controls 9.0 £1.4 min and for the
CF group 7.4 £ 0.9 min (p = 0.0504) which was
1.6 min faster.

The amplitude of the light-rise was not signif-
icantly different (p = 0.8653) between controls
(2.01 £ 0.16 N =56) and CF patients (1.93 + 0.15
N =5). However, there is a significant difference

in the timing of the responses with the control

Time (Minutes)

Fig.3 The alcohol-EOG responses to 110 mg/kg of oral
alcohol at / = 0. The time to peak was significantly faster
(p = 0.0504) hut the amplitudes are not different. One
individual who had received a lung transplant showed an

abnormal alcohol response. Plot shows mean *+ SEM

Light-EOG in Cystic Fibrosis

220 4cFN=5
2.00 (Control Ns 8
1 180 0 OF lung transplant

819 fpe U
T 1 if5
1 1.20
z 1.00 ) s &
080 f i
0.e0
1 5 10

Time (Minutes)

Fig. 4 The light-EOG in a series of individuals with CF
shows that whilst the amplitude of the response is the same
compared to controls, the time to peak is significantly
faster (p <0.0001) in the CF group. Plot shows mean % -
SEM with light on at t= 0. The individual who is post

transplant is also shown - with a normal light response

group peaking at ¢t= 10.2 + 0.4 and CF group
peaking at = s.0 0.6 min (/; <ow.no01) (see
Fig. 4). The lung transplant participant is shown
and his light-EOG was normal but his alcohol-
EOG was reduced.

The ratio of the light peak to the second trough
normalised voltages for the CF and control group
were compared. The alcohol-EOG ratio for the
CF group was 2.25 £ 0.23 which was significantly
higher (p = 0.0297) than the control group's ratio
of 1.82 + 0.31. In the light-EOG the ratio was not
significantly so (p = 0.0879) different. The CF
group's ratio was 2.37 £ 0.42 compared to the
control group's ratio of 1.92 + 0.38.

Cystic fibrosis fast oscillations

Unlike the EOGs the FOs of the A508 homo-
zygotes and the A508 heterozygotes were signifi-
cantly different with respect to the amplitudes.
One-way ANOVA analysis of the DR:LT ratio
and the latency from dark-rise to light-trough
revealed the following differences compared to
controls (all values are mean + SD). The Het-
erozygote's DR:LT ratio was 1.44 £ 0.10 which
was significantly (/2 <o.0o01) greater than the
controls with a ratio of 1.29 + 0.05. Furthermore,
the time from the dark-rise to light-trough was
significantly slower (p = 0.029) with the hetero-
zygote's time being 61.8 + 5.0 s and the controls
being 57.2 £ 6.5 s. By contrast, when the controls

were compared to the A508 homozygotes then no

Springer
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Flg 5 Representative traces of the fast oscillations from
control and the CF participants, (a) Shows a control FO
with Figs, (b) and (C) showing the normal amplitudes also
seen in the homozygote and heterozygote CF participants
with A508 mutations, respectively. All traces began with a
one minute interval of light before dark in which the

standing potential is seen to rise

significant differences were noted in cither the
DR:LT ratio 128 + 0.09 (P =0.689) or the timing
57.8 £ 5.7 s (/; = 0.827). When the two CF groups
were compared then the heterozygotes had a
significantly higher DR:LT ratio (p = 0.0010) but
there was no difference in the timing (p =0.1070)
(see Fig. 5).

Figure s shows the DR:LT ratio plotted
against the latencies for the FOs. Both the CF and
control group results are shown. The DR:LT axis
is on the ordinate. A ratio of 1.0 indicates a total
absence of FO. In the CF group, the heterozygous
group had the highest DR:LT ratios and these

were also significantly slower than the control
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Flg 6 Regression plot of the D R:LT ratios against latency
from dark-peak to light-trough for control (x) and the CF
participants. The CF data points are divided so that the
A508 homozygotes are indicated by a (¢). The CF A508
heterozygotes by a (O) and the lung transplant individual
by a (-). There is no strong linear relationship between
the DR:LT ratio and the timing of the FOs. However, the
homozygotes show a negative relationship between the
DR:LT amplitude and the timing. There was only one
value from an included homozygote of the DR:LT ratio
that fell below 1.15. The heterozygotes had a significantly
higher and slower response than the controls and had a
higher D R:LT ratio than the heterozygotes. No differences
were observed between homozygotes and the controls.

Note axes are truncated

group. The  heterozygotes are indicated by
unfilled diamonds (@)« The homozygous pair are
represented by filled black diamonds (¢) and
were no different to the controls in either the
DR:LT ratio or the timing of the FOs. Only one
oscillation from this group was < 1.15 and could
be considered abnormal. The lung transplant
participant represented by black line (-) had two
values in the normal range (1.23 and 1.25) and
two values that were very low and abnormal (1.12
and 1.02). The controls are represented by crosses
in the figure.

Equations 1-3 are the least squares linear
regression relationships between the DR:LT ratio
and the latency for the control and CF groups.
There were no strong relationships between the
DR:LT amplitude and the timing of the FOs.
However, the homnozygotes did suggest that in
this case the DR:LT amplitude did decrease as

the time increased.
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Control DR:LT ratio = 1.16 + 0.00214 x Time
(R2=0.0704 p = 0.124) (1)
A508/A508 DR:LT ratio = 1.62 - 0.006 x Time
(R2=0.1384p = 0.364) (2)
A508/? DR:LT ratio = 1.28 + 0.0026 x Time
(R2=10.0188p = 0.671). (3)
Discussion

The alcohol- and light-EOGs in patients with CF
are both altered with respect to the time to peak.
Both responses are shifted to the left with the
light-rise being affected to a greater extent than
the alcohol-rise. However, the amplitudes are
not different and this makes it unlikely that
CFTR is the major chloride channel responsible
for these responses. The CF group contained
both A508 homozygotes and heterozygotes. T his
common mutation renders CFTR incapable of
reaching the plasma membrane in any sub-
stantial amounts. The significant differences in
the time to peak must relate to an interaction
between CFTR and the initiation of the light-
and alcohol-EOG responses. It was possible, a
priori, that alcohol absorption might be slowed
in CF. However, because both the Ilight- and
alcohol-EOGs have faster onsets then this
acceleration must be due to processes occurring
in the RPE.

Each participant only agreed to attend on one
occasion and as the alcohol-EOG was always
performed first in the morning (after fasting
over-night). It is possible that the relatively less
stable baseline of the alcohol-EOG is due to this
sequencing effect- for example, any initial anxi-
ety that affected the baseline would have van-
ished after the patient had breakfast, and was
ready to record a light-EOG. Any possible
anxiety would affect the first test baseline values
more than for the subsequent light tests. This
may account for the relatively less stable base-
line in the alcohol-EOG. The one individual who
had a lung transplant had a reduced alcohol-

EOG, normal light-EOG and a borderline re-

duced FO response. These differences may be in
part due to his systemic medications, azathio-
prine and cyclosporine that are reported to be
toxic to the RPE and can cause visual loss [44,
45]. The alcohol-EOG has been claimed to be a
more sensitive measure of RPE function than
the light-EOG with greater loss apparent in
ARMD. It could be that in this case the alcohol-
EOG is also detecting early RPE dysfunction
before the light-EOG is affected [30]. Therefore,
this participant was not included in the statistical
treatment.

Our current understanding of the origins of the
light-rise is incomplete with the putative ‘light-
rise' substance and its receptor unknown. Fur-
thermore, the nature of the basolateral chloride
channel is also uncertain. The absence of the
EOG light-rise in Best’s disecase was taken as
evidence that bestrophin was the Ca2+-gated
chloride channel responsible for the light-rise.
More recently it has been demonstrated that
bestrophin alters the kinetics and activation of L-
type Caz2s channels and regulate [Ca2+]in follow-
ing purinergic stimulation [38, 39]. For review, see
[50]. CFTR is known to interact with a variety of
ionic channels [51, 52] regulating both outward-
rectifying Cl channels [53], epithelial Na+ chan-
nels [54] as well as having a regulatory role in pH
through the transport of HC 03 [55]. The numer-
ous interactions of CFrR with ionic channels
could alter the ionic (luxes in the RPE when
CFTR is absent. In CF, the sweat and lung mu-
cosa is high in NaCl due to poor Cl transport
[56]. If similar changes occur in the RPE then the
electrochemical gradients may be altered which
may influence the timing of the light- and alcohol-
rises observed.

It has recently been suggested that the com-
pound waveform of the EOG is not a simple
damped oscillation, but a resultant of two sepa-
rate processes - an initial rise and a delayed fall in
the trans epithelial potential of the RPE [47]. The
evidence was that the ratio peak: second trough
varied systematically with the stimulus intensity.
The observations of this paper show that in this
small group there is a statistically significant cor-
relation in the CF group between the size of the
alcohol peak EOG results and the subsequent

trough. But there is no significant difference
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between the positive light- and alcohol-rises of
the control and CF groups. This suggests that
there may be an increased negative component in
the CF group. A similar result was found in the
light EOG, but was not statistically significant.

CFTR has been implicated in generating the
light-rise through transport of ATP [18] and we
cannot exclude a role for CFTR in generating a
component of the light-rise. Flowever, the normal
amplitudes of the light-rise in CF would suggest
that CFTR is not central to this response. Our
findings corroborate earlier reports that the light-
rise amplitude is normal [17, 21] in CF and
therefore this channel is not responsible for the
changes in the TEP associated with these re-
sponses.

The FO is the result of a fall in sub-retinal
potassium following retinal illumination. This
causes a decrease in the activity of the apical
NaK2Cl co-transporter resulting in a decrease in
[CI ]in [57-59]. Consequently, the basal mem-
brane hyperpolarises as there is less basolateral
Cl flux and so the TEP falls causing the light-
trough of the FO. The FO is normal in Best's but
the light-rise is absent indicating that a different
mechanism is responsible for the FOs and the
light-rise [35], The FOs have been claimed to be
selectively reduced in CF [17, 21], and this has
been taken as evidence that CFTR forms (at least
part) of the basal chloride conductance. However,
our result is that the FOs are not reduced in CF
and there is a larger amplitude in the heterozy-
gous individuals and they also display a slowed
timing of the response. This finding may be
related to the influence of complex alleles that
partially compensate for the AS508 mutation. All
of the heterozygotes were pancreatic insufficient
(one was a type 1 diabetic) and would normally
be classified as ‘severe' sufferers. In a complex
allele, a second mutation in the gene partially
compensates for primary mutation. In A508, the
accompanying mutation R553Q confers stability
to the protein so that it retains function by
improving the folding and trafficking of CFTR to
the plasma membrane [60]. There are also sus-
pected to be promoter genes and environmental
factors that all determine the final CF phenotype
that may influence the levels of functional CFTR
in the RPE [10],
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The homozygotes did not show any difference
in the DR:LT ratio or the timing of the response
which is counter to previous reports. However,
there was a tendency for the slower timing of the
FOs to be associated with a smaller DR:LT ratio.
This would be expected if CFTR was responsible
for the FOs and certainly, in the group who are
severely affected then CFTR does appear to
participate in the response. One recent finding in
mouse has also demonstrated that in CFTR, null
mice the FOs are still present and therefore it is
likely that an alternative mechanism that does not
rely solely on CFTR is generating the FOs [22],
Our findings support this contention in that, the
FOs are not absent in either A508 homozygotes or
heterozygotes but the resulting actual mechanism
is likely to involve a more complex interaction of
CFTR and the basal membrane Cl channels. The
numerous interactions of CFTR with other ionic
channels coupled with the potential regulation by
other genetic and environmental factors may limit
the ability to establish the precise role of CFTR in
man except in the A508 homozygotes or by using
animal models.

The results indicate that CFTR is not involved
in generating the alcohol- and light-rises. This
finding supports the original hypothesis of Arden
and Wolf [27, 29] who predicted an overlap of
these responses with respect to their final com -
mon pathway. The findings of this study show that
both the alcohol- and light-EOG are affected in a
similar way when the AS508 mutation is present.
However, how the alcohol- and light-EOGs are
generated is still not fully understood but a defect
in CFTR alters the timing of the response in a
similar way. Therefore, it is likely that a part of
the alcohol- and light-EOGs generation is similar.

CFTR is most likely interacting with other
ionic channels to modulate the time-course of the
light- and alcohol-responses in man but does not
appear to be responsible for the alterations in the
RPE's electrical potential in relation to light or
alcohol. Further work on individuals with Best's
disease should enable a clearer picture of the
chloride channel responsible for the alcohol-

EOG.

Acknowledgements We thank Prof. D. Geddes and
Dr. D. Empey who provided information about the CF



Doc Ophthalmol

patients. This work was funded by the British Retinitis
Pigmentosa Society and PC is supported by grants from
the College of Optometrists. UK and the South Devon and
Cornwell Institute for the Blind. Parts of this work were
presented at the L X IlIlth 1SCEV Symposium. Cdasgow.
2005.

Appendix A

The EOG voltages were normalised to the 10-min
pre-stimulus baseline voltages. In Eq. Al the
normalised potential (VN) was equal to the po-
tential at time (7) denoted (VT) divided by the
mean of the measurements made in the 10 min
prior to the stimulus. These recordings were made
at T = 16,18, 20, 21, 22, 23, 24, 25 and 26 min into
the pre-adaptation period. Light or alcohol was

then given at 26.5 min.

Ln = VT7(Meanl/T(]6.1&20.21.22.23.24.25.26)) (A I)

where:

UN = Normalised voltage at time 1.

V1 = bi-temporal voltage at lime T.

Mean (VV(l6 2fi)) = Mean baseline bi-temporal
voltage at 7= 16th, 18th, 20th, 21th. 22th, 23th,
24th, 25th and the 261h min.

Subsequently the normalised voltages were
smoothed further by weighting each value with
50% of the preceding and the following norma-
lised voltage (Eq. A2).

Smoothed Voltage = [ ( + (0.5 x Vom-j))/

(Em + (0.5 x Va+i)] x 0.5 (A2)
where:
Kn = the normalised voltage at time 7 (from Eq.
Al).

UN+l = the normalised voltage value after UN
VN_, = the normalised voltage value preceding
w

The baseline-normalised voltages were not
identical between the CF and the control groups.
To correct for this so that the amplitudes of the
responses could be compared to an identical
baseline the following correction was used. The
ratio of the normalised voltages from all subjects

in the 10 min interval preceding the stimulus for

the CF group to the same values of the control
group were taken.

For the Tight-EOG the values were for
CF = 0.9804 and for the control = 1.0196 and the
correction factor was 0.9804/1.0196 = 0.9616. This
correction to the baseline was then multiplied
through all the normalised voltages for the con-
trol group. The corresponding baseline correction
factor for the alcohol-EOG was 1.0449.
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