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ABSTRACT

The pigmented cells of the retinal pigment epithelium (RPE) and the ciliary body
epithelium (CBE) of the vertebrate eye are both transporting epithelia. The RPE cells perform a
number of functions vital to maintaining the visual signal, including maintenance of fluid and ion
homeostasis in the subretinal space and phagoctyosis of shed photoreceptor outer segments. The
pigmented (PCE) cells of the CBE. together with the nonpigmented epithelial cells. are
responsible for the secretion of aqueous humor into the posterior chamber. In this study. receptor
and G-protein-coupled sngnalmg pathways regulating ion channels in cultured RPE and PCE
cells were examined using whole-cell patch-clamp recording techniques.

Under control conditions, a TEA and 4-AP-sensitive delayed outwardly rectifying K"
current (Ix), a Ba®*-sensitive inwardly rectifying K™ current (I;), and an inactivating outward K*
current were recorded in rat RPE cells. A large non-inactivating, nonselective cation (NSC)
channel activated by non-hydrolyzable G protein analogues (GTPYS or Gpp(NH)p). was also
identified in rat RPE cells. This NSC current had a mean reversal potential of +5.7 mV. was
permeable to several monovalent cation and was not affected by alterations in the CI’
concentration gradient. Blocking G proteins of the Gy, class with pertussis toxin (PTX) or with
antibodies against G; subunits abolished current activation. confirming involvement of a G;
subunit protein. Further investigations revealed that intracellular Ca*” and kinase-dependent
phosphorylation, potentially mediated by MAP kinase, may be downstream signaling
components involved in the modulation of NSC channel activation.

In rat RPE cells, application of ATP (100 uM) activated a cation conductance via actions
on purine receptors. The ATP-activated current reversed at —1.5 mV and had electrophysiolgical
properties distinct from the GTPyS-activated NSC current. The ATP-activated current was
inwardly rectifying. cation nonselective. and insensitive to the Pax receptor antagonists suramin
or PPADS. The electrophysiological characteristics of this current suggests that ATP activates
Pax purinoceptors in rat RPE. In many cell types. ATP can also act on metabotropic Pay
pruinoceptors coupled to a phospholipase C (PLC)/inositol triphosphate (IPs) signaling pathway
and intracellular Ca™" stores release In 38% of rat RPE cells recorded from, ATP also activated
an iberiotoxin (IbTX)-sensitive Ca**-activated K~ current (Ik(c;,,) Using Ca*” imaging
techniques. both ATP and UTP elevated intracellular free [Ca*"] in a manner independent of
extracellular Ca®" influx. These data supports the presence of a Poy-purinoceptor signaling
pathway linked to intracellular Ca®" stores release and K channel modulation in rat RPE cells.

In cultured rabbit PCE cells. inwardly and outwardly rectlfvmg K™ conductances were
recorded. A portion of the outward K™ current was dependent on Ca>* and was sensitive to [bTX.
demonstrating the presence of K¢, channels. The adrenergic agonists epinephrine (EPI) and
phenylephrine (PHe) increased Ix(c,). PHe-mediated increases in Igc,) activity were blocked by
the adrenergic antagonist, prazosin, confirming the involvement of «- adrenoceptors. Further
experiments demonstra ed that a PTX-insensitive G protein linked to an PLC/IP; pathway and
intracellular Ca®" stores release are involved in Ik(caymodulation. These findings demonstrate
that o;-adrenoceptors modulate I c,) in rabbit PCE cells.

These studies provide evidence for the regulation of ionic conductances in the RPE and
PCE cells via signaling pathways linked to G protein activation. Identifying how ionic channels
arc regulated in these epithelia will increase our understanding of their roles in normal ocular
physiology and may provide insight into the pathogenesis of a number of ocular diseases linked
to defects in ion transport pathways in these cells.
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CHAPTER 1

GENERAL INTRODUCTION



1. Ocular Epithelia

The pigment epithelium of the retina (RPE) and the pigmented epithelium of the
ciliary body (PCE) are both transporting ocular epithelia. They share a common
embryonic origin, developing from a single layer of cuboidal cells that line the outer wall
of the optic cup. The RPE forms as a continuous monolayer of cells and is situated
between the choroidal blood supply at its basal surface and the neurosensory retina at its
apical surface. The cells of the RPE monolayer begin at the edge of the optic nerve head
and extend peripherally to the ora serrata. At the ora serrata, the RPE continues anteriorly
as the PCE of the ciliary body (Ozanics & Jakobiec, 1982; Mund & Rodrigues, 1979).
Development results in the basal surface of the PCE facing the ciliary body stroma while
the apical surface of the PCE becomes opposed to the apical surface of the nonpigmented
ciliary epithelium (NPCE), which forms as a continuation of the neurosensory retina
(Cole, 1984; Caprioli, 1992; Streeten, 1982).

Like other epithelia, the RPE and PCE are polarized and their basal surfaces are
intrically folded to produce a large surface area attachment to a thin basement membrane.
However, despite shared epithelial characteristics and a common embryological origin,
these pigmented ocular epithelial cells are functionally distinct. The single-layered RPE
is an absorptive epithelium that has a number of specialized functions vital to the
maintenance of the neural retina and the processing of the visual image in the posterior
part of the eye (Bok 1988 & 1993; Zinn & Benjamin-Henkind, 1979; Steinberg & Miller,
1979). In contrast, the PCE, together with the NPCE, functions as a bilayered secretory
epithelium involved in maintaining intraocular pressure (IOP) via the secretion of

aqueous humor (Cole, 1984; Weiderholt ez a/, 1991; Martin-Vasallo et al/, 1989).



The biophysical and pharmacological properties of the ion transport pathways
within the RPE and PCE have been examined in an attempt to better understand the
physiology of transepithelial transport in these epithelia (Chu e a/, 1986; Hughes &
Steinberg, 1990; Krupin e a/, 1991; Jacob &Civan, 1996). These studies have also been
driven by the demonstration that alterations in ocular epithelial ion transport pathways are
linked to the pathogenesis of a number of ocular diseases. For example, altered fluid and
ion transport by the RPE has been implicated in macular degeneration (Tso, 1988),
central serous retinopathy (Chuang ez a/, 1987; Zamir, 1997), retinitis pigmentosa
(Chader er a/, 1988) and proliferative vitreoretinopathy (Topping ef al, 1979). Similarly,
in the ciliary body, changes in aqueous secretion by the PCE and NPCE cells can alter
IOP. Elevated IOP is the principal modifiable risk factor for the development of open-
angle glaucoma and can be treated by decreasing aqueous humor secretion by the ciliary
epithelium (Dunbar-Hoskins, 1989; Jacob & Civan, 1996). Our current understanding of
how ion and fluid transport may contribute to these pathologies is hampered by the lack
of consistent information about basic mechanisms regulating transepithelial transport
under normal physiological conditions. This includes identification of selective receptor
subtypes and molecular signaling pathways contributing to ion transport across these
epithelia.

Both the RPE and PCE receive paracrine and/or endocrine signals from adjacent
cells, the underlying vasculature and neuronai innervation that can alter transepithelial
fluid and ion transport (Negi & Marmor, 1986; Gallemore & Steinberg, 1990; Wax,
1991). Most of these signals act as ligands at G protein-coupled receptors and are linked

to signaling cascades that have the potential to regulate ion channel activity through the



generation of Ca’", lipid signaling molecules and/or protein kinases. The purpose of this
thesis project is to examine the effects of such ligands on the activity of ion channels in
the PCE and RPE and to identify the underlying signaling pathways involved in their
regulation. This information is essential, not only to provide a greater understanding of
the physiology of transepithelial ion transport, but also to identify how signaling
pathways are linked to ion and fluid transport and how these pathways may be altered
under pathophysiological conditions.

The following sections will provide background information on the general
morphological and functional characteristics of the RPE and the PCE and will present
current models for the transport mechanisms underlying fluid and ion transport in these
ocular epithelia. The role that G protein-coupled signaling pathways play in the
regulation of ion channels will be highlighted and the rationale for exploring these

pathways in the RPE and PCE will be provided.

2. The Retinal Pigment Epithelium

2.1 Location, functions and structure of the retinal pigment epithelium

The retinal pigment epithelium (RPE) is a continuous monolayer of specialized
epithelial cells that extends peripherally from the optic nerve to the ora serrata (Figure
1.1A). These cells form the non-neuronal component of the vertebrate retina and carry
out a number of functions vital to the processing of the visual image and maintenance of
retinal integrity. Within the retina, the RPE is situated between the choroid and the rod
and cone photoreceptors of the neural retina. Histologically, three well-defined zones, the

basal, lateral and the apical membranes, are recognized in these cells (Figure 1.1B).



(9861 “¥81D Wwoy peyipow) (Iny) wryetide Juewdid jeupes sy *}°| einbig

sess00id  JuswOes Jano
®ode aﬁmo-.o.oﬁ

PO
s8uipio)u)

Suesquew ewsed jeseg

1199 3dM a4 o \fkﬁ.

susiquisw wawaseq




At their basal surface, the markedly convoluted membranes of the RPE cells are
functionally linked to the underlying choroid via Bruch’s membrane, a specialized
basement membrane composed of the basal lamina and an underlying layer of reticular
fibers. The basal lamina is secreted directly by the RPE cells and serves a point of
support and attachment for the epithelium in the retina. Bruch’s membrane also serves as
a “molecular sieve” for substances passing between the capillaries of the choroid and the
retina. Laterally, the boarders of the RPE cells are coupled by a series of junctional
complexes that include desmosomes, gap junctions and tight junctions. The presence of
gap junctional proteins between RPE cells allows the epithelium to couple both
metabolically and electrically. Tight junctions exist closer to the apical end of the cell
walls where they prevent the free exchange of macromolecules between the choroidal
circulation and the neural retina. These tight junctions, together with the endothelium of
the choriocapillaries, form the blood-retinal barrier of the vertebrate eye (Clark, 1986;
Bok, 1993). By preventing the diffusion of potentially harmful substances into the neural
retina, the blood-retinal barrier maintains the integrity of the visual signal. At their apices,
the RPE cells face the subretinal space in which the rod and cone photoreceptors of the
neural retina are located. Finger-like apical microvilli from the RPE extend into the
subretinal space and interdigitate with the photoreceptor outer segments (see Fig 1.1B).
An inter-photoreceptor matrix, secreted partially by the RPE cells, which surrounds the
microvilli and the photoreceptor outer segments keeps the RPE cells tightly apposed, yet
not anatomically joined, to the neural retina. Since the neural retina has no true site of
firm attachment in the eye, apical interdigitation of the RPE with the photoreceptor outer

segments is functionally important for maintaining retinal attachment. It has also been



suggested that this inter-photoreceptor matrix provides an important medium for the
exchange of substances between the neural retina and the nonneuronal RPE (Zinn &
Benjamin-Henkind, 1979; Bird, 1989; Marmor, 1989).

Similar to other eukaryotic cells, the cells of the RPE possess a number of
intracellular organelles (mitochondria, smooth and rough endoplasmic reticulum, golgi
apparatus) that are necessary for normal cellular activities (Bok, 1988). These cells also
contain a number of other organelles and cytoplasmic inclusions that tend to be polarized
in their distribution. For example, RPE cells possess melanin granules (melanosomes)
which give these cells their characteristic brown coloration. These granules tend to be
absent in the basal region of the RPE but are highly concentrated in the apical region,
especially in the apical microvilli. By absorbing stray light scatter in the retina, these
granules prevent degradation of the visual image and maintain visual acuity. RPE cells
are also phagocytic, a role which is vital for retinal function (see below). As a
consequence of this activity, phagosomes are also commonly found in the cytoplasm of
RPE cells. These organelles tend to have an apical distribution consistent with the
involvement of the apical microvilli in phagocytosis. Lipofuscin granules are also
common cytoplasm inclusions in the RPE. These granules, which contain the residual
bodies of phagocytized particles, tend to cluster near the nucleus (Bok, 1988).

One function of the RPE that is vital to the maintenance of retinal integrity is
phagocytosis of detached distal portions of rod and cone photoreceptors. As a part of a
normal renewal process, photoreceptors undergo a circadian shedding of their outer
segments (OS) into the subretinal space which is accompanied by the assembly of new

membrane at their proximal ends (Bok, 1993). Shed OS are rapidly recognized, bound



and ingested by the RPE in an incompletely understood process. The importance of this
RPE function is highlighted in the Royal College of Surgeons rat model and in the human
disorder Retinitis Pigmentosa where failure of the RPE to phagocytize OS leads to the
build up of debris in the subretinal space, photoreceptor degeneration and eventually loss
of vision (Chader et al/, 1988; Heth et al, 1995). Photoreceptor function is also sustained
by RPE-mediated processing of retinoids (Bok, 1993). The RPE serves as the cellular site
for regeneration of 1 1-cis-retinal, the chromophore for the visual pigments in rod and
cone photoreceptors. During the visual cycle, 11-cis-retinal is photoisomerized to 11-
trans-retinol then released from the OS into the subretinal space. Retinol is then taken-up,
re-isomerized and oxidized to 11-cis retinal in the RPE before being returned to the
photoreceptors for subsequent use in the visual cycle. The RPE can also obtain retinol
from the choroidal circulation via receptor-mediated up-take. This retinol can be stored in
esterified form by binding to cellular retinol binding proteins (CRBP) until required by
the photoreceptors (Bok, 1993). Processing, storing and recycling of retinoids by the RPE
ensures an adequate supply of chromophore for visual transduction.

The retinal pigment epithelium is also responsible for the net flow of ions and
water from the retina to the choroid (Bok, 1988 & 1993; Clark, 1986; Steinberg & Miller,
1979; Zinn & Benjamin-Henkind, 1979). Ion and fluid transport across the RPE plays a
major role in maintaining a constant ionic milieu in the subretinal space, a role that is
integral for photoreceptor function. The following section will highlight our current
knowledge of the various pumps, transporters and ion channels present in the RPE and

provide a model of how ion and fluid movement across this epithelium maintains a



homeostatic environment in the subretinal space to preserve visual processing in the

neural retina.

2.2. Apical and basal membrane ion transport mechanisms in the RPE

A variety of studies on intact RPE-choroid preparations and isolated single RPE
cells have identified that there is an asymmetrical distribution of both active and passive
ion transport mechanisms between the apical and basolateral membranes of RPE cells.
The co-ordinated action of these ion transport pathways in the mammalian RPE maintains
an apical-side positive transepithelial potential (TEP) of ~ 6 mV promoting absorptive
solute-coupled fluid transport from the subretinal space to the choroid (Joseph & Miller,
1991).

Transepithelial isotope flux and microelectrode studies on RPE-choroid
preparations have identified several transport mechanisms localized to the apical and/or
basolateral cell membranes. In a variety of mammalian species, studies have
demonstrated that an ouabain-sensitive electrogenic Na /K - ATPase pump is located
exclusively on the apical membrane of the RPE (Bok, 1993; Ernst er al/, 1986).
Localization of this pump to the apical RPE membrane allows for the net flux of KClI to
occur in the retina-to-choroid direction. The apical RPE membrane also contains a
bumetanide-sensitive electroneutral Na™-K"-Cl co-transporter that is involved in uptake
of KCI from the subretinal space. In addition to Na™, K™ and CI’, isotope flux studies in
RPE have also identified putative transport pathways for HCOs™ in the RPE. In frog RPE,

both an apical Na™-HCO5’ co-transporter and a basolateral HCOs™- CI” exchanger have
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been identified and are proposed to play a role in cellular acid extrusion (Miller &
Steinberg, 1977; Lin & Miller, 1992). An apical amiloride-sensitive Na™-H"™ exchanger
identified in frog RPE also makes a small contribution to acid extrusion and finally, an
apical Na"-Ca’” exchange mechanism is proposed to contribute to the regulation of both
intracellular and subretinal Ca*” concentration (Kenyon er al, 1991; Fujisawa et al, 1992).
In addition to KCI, net transfer of Na” across the RPE may occur. Net Na~
absorption is accomplished exclusively by paracellular absorption of Na™ driven by the
apical side positive TEP (Edelman & Miller, 1991). Na™ may also be transported into the
RPE by the various transporters/exchangers on the apical membrane, however, efflux
pathways for Na™ have not yet been identified on the basolateral membrane. The action of
the Na'/K™- ATPase pump is therefore very important for providing an efflux pathway
for Na™ from the RPE back to the subretinal space. By maintaining a Na™ gradient in the
subretinal space, the Na' /K- ATPase pump also ensures the proper function of Na -
dependent transport mechanisms in both the RPE and the closely opposed photoreceptors.
In addition to pumps and transporters, studies on freshly isolated and cultured
RPE cells have identified a variety of ion channels on both the apical and basolateral
membranes. Information obtained from patch-clamp studies has demonstrated that
mammalian RPE exhibit multiple types of K'-selective ion channels (Fox et al, 1988;
StrauB et al, 1993; Strau et al, 1994; Tao et al, 1994). Both inward and outwardly
rectifying Ba®" - sensitive voltage-dependent K™ conductances dominate the apical and
basolateral membranes of the RPE. Several aspects of RPE transport are controlled by
these conductances. For example, K™ channels provide passive efflix pathways for the

return of K™ ions to the subretinal space which entered via the Na /K- ATPase pump and
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the Na™-K"-CI’ co-transporter. Apically located inwardly rectifying K~ channels play
primary roles in establishing the apical membrane potential and thus influence
transepithelial transport of these ions, the movements of which are dependent upon
transmembrane voltage (Hughes & Steinberg, 1990). In addition to K™ channels, the
basolateral membrane of the RPE has been shown to posses a DIDS —sensitive CI
conductance (Botchkin & Mathews, 1993; Ueda & Steinberg, 1994). This conductive
pathway allows for the basolateral exit of CI” ions that were transported into the cell by
the apical Na'/K'/ClI” cotransporter. This efflux of CI', in parallel with the efflux of cation
(K7), into the choriod space drives net transepithelial transport of ions and water. In
addition to K™ and CI” conductances, voltage-dependent Ca®” channels have been
described in both fresh and cultured RPE cells (Ueda & Steinberg, 1993; Straup &
Wienrich, 1993), a voltage-dependent TTX-sensitive Na~ current has been described in
cultured rat RPE cells (Botchkin & Mathews, 1994) and a nonselective cation channel
has been identified in cultured human RPE cells (Fox et al, 1988). The role of these
conductances in fluid and ion transport has not vet been determined.

A model of RPE ion transport, incorporating both active and passive pathways, is

presented in Figure 1.2.

2.3. Physiological role of ion transport in subretinal homeostasis
Any change in the external and/or internal ion concentration may alter the TEP
and thus affect ion and fluid movement across the RPE. The most significant
physiological change in RPE transepithelial ion transport occurs during light/dark
adaptation in the retina. In the intact eye, the subretinal concentration of K™ ([K]o)

changes abruptly from 5 mM to 2 mM during the transition from dark to light. This drop
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in subretinal [K], occurs as a result of light-evoked hyperpolarization of the
photoreceptor membrane that closes cation channels and stops K~ efflux. This subretinal
[K]o change acts as an important paracrine signal to significantly alter RPE transport. As
aresult, [K],rebounds, limiting the effect of photoreceptor hyperpolarization and thus
maintaining subretinal homeostasis.

In vitro, mimicking the dark to light decrease in subretinal [K],, results in three
well defined phases of transepithelial transport changes in intact RPE-choroid
preparations (Joseph & Miller, 1991). Within seconds of the decrease in [K™], an apical
hyperpolarization can be recorded in the RPE which is operationally defined as phase 1.
Apical hyperpolarization, accompanied by an increase in TEP, is driven by the increased
K™ diffusion potential across the membrane and K™ efflux into the subretinal space via
apical K™ channels. This efflux contributes to the rebound of K™ in the subretinal space
and buffers the photoreceptor-induced decrease in [K™],. Decreased [K ], would cause
concomitant inhibition of the apical Na /K™ ATPase pump and the Na /K /CI’
cotransporter. Pump inhibition would tend to oppose apical hyperpolarization and
decrease the effect of K™ efflux. Decreased driving force for ion entry via the
cotransporters would slow CI” influx and thus reduce CI” efflux at the basolateral
membrane. This lower diffusion gradient for basolateral Cl™ efflux underlies the
transepithelial potential change observed for phase 2 of the light response. During phase
2, apical hyperpolarization is shunted to the basolateral membrane and the TEP begins to
decrease. Delayed hyperpolarization results from decreased intracellular [C1"] which leads
to the inhibition of passive CI efflux through basolateral CI" channels. The final phase of

transmembrane change in response to light onset is depolarization of both the apical and
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basolateral membranes of the RPE. Apical depolarization is thought to result from
reduced intracellular [K']; and decreased apical K™ conductance as the subretinal [K ],
rebounds to normal levels (Jospeh & Miller, 1991). An increased Cl” conductance is
believed to underlie the observed basolateral depolarization (Gallemore & Steinberg,
1989). By the end of phase 3 both apical and basolateral membrane potentials have
returned to near resting values.

Clinically, these membrane changes of the RPE in the transition from dark to light
are measured as distinct components of the DC-recorded electroretinogram (DR-ERG)
(Marmor, 1991). The ERG is a noninvasive recording of the electrical signals from the
retina elicited by a flash of light (Berson, 1992). Three components of the ERG originate
from the RPE (Linsenmeier & Steinberg, 1984). The C wave corresponds to the phase 1
apical hyperpolarization in response to the drop in subretinal [K"]. This ERG component
is initiated 5 sec after light onset and is followed by the fast oscillation (FO) component
that peaks 20 sec after light onset. The FO component represents the delayed RPE
basolateral hyperpolarization measured in vitro during the phase 2 transepithelial
response. The light peak is the final ERG component originating from the RPE and
thought to result from the increased basolateral CI” conductance of the phase 3 in vitro
response (Fujii et al, 1991). The light peak follows the FO component and peaks 5 min
after light onset. Many components of the ERG find use as sensitive clinical indicators of
generalized retinal degeneration as well as several types of human RPE dystrophy

(Marmor & Lurie, 1979; Marmor, 1991).



3. The Ciliary Body Epithelium

Like the cells of the RPE, ion and fluid transport across the epithelial cells of the
ciliary body also plays an important role in the vertebrate eye. The structure, transport
mechanisms and function of the ciliary body epithelium (CBE) in the anterior segment of

the eye will be the focus of the following section
3.1 Location, functions and structure of the ciliary body epithelium

The ciliary body is part of the uveal tract of the eye. It is triangular in shape and
lies between the ora serrata at its posterior end and the iris root at its anterior end (Figure
1.3A). The ciliary body can be divided into three major parts: the ciliary stroma, the
ciliary muscle and the ciliary epithelium. The ciliary epithelium forms the inner surface
covering of the ciliary body and is composed of two different epithelial cell layers: a non-
pigmented ciliary epithelial (NPCE) cell layer and a pigmented ciliary epithelial (PCE)
cell layer (Caprioli, 1992; Streeten, 1982). During development both epithelial cell layers
form as a forward continuation of the retina. The PCE cells and their basement membrane
are continuous with the RPE and Bruch’s membrane of the non-neuronal retina whereas
the nonpigmented cells are continuous, although in attenuated form, with the neural
retina. During embryonic development, the epithelial cells are arranged in a bilayer with
the basolateral membrane of the PCE cell layer facing the vascular connective tissue
stroma and the basolateral membrane of the NPCE cells facing the posterior and vitreal
spaces of the vertebrate eye (Ozanics & Jakobiec, 1982; Mund & Rodrigues, 1979).
(Figure 1.3B).

Histologically, PCE cells are cuboidal and are characterized by both the presence

of numerous melanosomes and relative lack of intracellular organelles. In contrast, NPCE
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cells are columnar with numerous basal infoldings, are devoid of melanosomes and are
rich in mitochondria and endoplasmic reticulum as compared to PCE cells. At their apical
facing membranes the PCE and NPCE cells are tightly apposed and coupled via a series
of junctional complexes that include numerous desmosomes and gap junctions (Ravioli &
Ravioli, 1978). Gap junctions also couple PCE cells at their lateral surfaces but are less
frequent between the lateral surfaces of the NPCE cells. The presence of gap junctions
between PCE-PCE and PCE-NPCE cells allows the bilayer to function as both a
metabolic and transport syncytium. The major protein of these junctions, connexon 43,
has been demonstrated to be the target for modulation by a variety of pharmacological
agonists, therefore suggesting that coupled ion transfer between the cells of the CBE may
be regulated (Sears ef a/, 1997). One specialization of the lateral borders of the NPCE
cell membranes is the presence of intercellular tight junctions. These tight junctions
prevent the free passage of serum proteins from the blood (stroma) into the posterior
chamber of the eye via the paracellular pathway. This diffusional barrier, along with the
nonfenestrated iris vessels, comprises an important structural component of the blood
aqueous-barrier of the eye. By preventing free diffusion of substances from the stroma
the blood-aqueous barrier maintains the optical integrity of the eye (Raviola & Raviola,
1978; Caprioli, 1992).

Anatomically, the CBE can be divided into two main segments: the anterior pars
plicata and the posterior pars plana. The pars plicata contains the numerous fingerlike
projections of the ciliary processes, which are villiform ridges that radiate inward toward
the pupil. The PCE and NPCE cells that line the surface of the ciliary processes are

involved in the production of aqueous humor (AH). The formation of AH occurs
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primarily by active secretion of electrolytes from the CB stroma, across the PCE-NPCE
epithelial bilayer, into the posterior chamber of the eye. The aqueous secreted into the
posterior chamber is an isotonic solution composed primarily of water, Na”, CI" and
HCOj;™ (Cole, 1984; Caprioli, 1992). Once secreted into the posterior chamber, the
aqueous passes through the pupil into the anterior chamber. On its path through the eye
the AH serves three major functions: 1) delivers oxygen and nutrients and removes waste
products from the anterior segment tissues; (2) flushes away blood, macrophages and
other inflammatory cells and products from the anterior segment; (3) retains the shape
and internal structure of the eye (Chong, 1996; Cole, 1984).

The majority of the aqueous secreted into the posterior chamber eventually drains
from the eye through the trabecular meshwork and the canal of Schlemn, however a small
amount of drainage is provided via exit through uveoscleral or uveovascular pathways
(Davson, 1984; Cole, 1984). The balance between the rate and quantity of AH produced
and AH escape from the eye via drainage pathways is the primary determinant of
intraocular pressure (IOP). Under normal conditions IOP is maintained at 15 mmHg,
slightly higher than normal atmospheric pressure (Davson, 1984; Hart, 1992). Elevated
IOP, due to either increased rates of AH inflow or increased resistance to AH outflow, is
a common risk factor for the development of glaucoma (Dunbar-Hoskins, 1989;
Brubaker, 1992; Hart, 1992). Current medical therapies for glaucoma are most
successfully directed at decreasing IOP by pharmacologically reducing AH secretion by
the CE cells. Therefore, studies examining the mechanisms of the cell transport pathways
underlying AH secretion are of great importance due to the fact that alterations in these

pathways may result in a clinically desirable reduction of IOP in the treatment of
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glaucoma. To date, however, our understanding of the processes underlying AH
formation is limited. Recent transport data from intact and dispersed ciliary epithelial
tissue suggests that PCE cells have solute uptake properties and are functionally coupled
to the NPCE cells which have solute efflux properties (Wiederholt et a/, 1991; Edelman
et al, 1994). In this cell coupled model, ion and water from the stroma are taken up by
PCE cells and passed to the NPCE cells via apical gap junctions, where they are secreted
at the basolateral membrane into the posterior chamber as aqueous humor. Despite our
understanding of this functional coupling between CE cells, the exact cellular transport
mechanisms involved in fluid and ion secretion remain unresolved. Part of the difficulty
in resolving the underlying cellular mechanisms derives from the complexity of the
epithelial bilayer itself. Many new details on ion transport mechanisms are now being
elucidated through the use of both primary cell cultures of NPCE and PCE cells as well
as immortalised cell lines (for review see Jacob & Civan, 1996). The following section
will highlight our current knowledge of solute-coupled fluid transport across this
epithelium and will attempt to incorporate studies at the single cell level with those from

intact preparations into a model for secretion of salt and water into aqueous humor.

3.2. Ion transport mechanisms in the ciliary epithelium

Studies in iris-ciliary body (I-CB) preparations from a number of mammalian
species have demonstrated that in the CE, as in other epithelia, the inward Na™ gradient is
maintained by the Na™ pump with electrogenic and electroneutral ion entry (Edelman et
al, 1994). Inmune staining and ion flux studies have determined that both PCE and
NPCE cells have a Na/K-ATPase in their basolateral membranes. In the PCE cells the

Na/K-ATPase resides adjacent to the stroma and in the NPCE cells it faces the posterior
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chamber (Coco-Prados & Lopez-Briones, 1987; Ghosh et al, 1990). This symmetry in
pump distribution has led to the suggestion that the PCE cells are absorptive and are
coupled via gap junctions to the NPCE cells which are secretory (Edelemen et al, 1994).
The major route for uptake of Na”, K™ and CI” into the PCE cells from the stroma is
thought to be via a basolateral bumetamide-sensitive electroneutral Na™-K™-2CI” symport.
The ions then diffuse through gap junctions to the basolateral membrane of the NPCE
cells where they are released into the aqueous phase via the Na /K~ pump and parallel K~
and CI" channels. The ciliary epithelium is a “leaky” epithelium and, as such, also allows
for significant ion movement through a paracellular pathway. The small aqueous-side
negative TEP (~ 1 mV) plays a major role in providing the net electrochemical driving
force for ion movement from the stroma to the aqueous via this route. Thus, the rate of
net Na' transfer through the paracellular pathway is also a major determinant of aqueous
formation. In all vertebrate species studied, both the magnitude and the sign of the TEP
are dependent upon the presence of bicarbonate (HCOs’), suggesting a central role for
HCOj’ in aqueous secretion (Wolosin e al, 1991; McLaughlin ef a/, 1998). It has been
proposed that HCOs” modulates the electrical driving force to favour net paracellular Na~
secretion and thus aqueous formation. Passive water movement accompanies net Na~
flow via the paracellular and/or transcellular pathways.

Figure 1.4 schematically represents the major transport elements in CE cells
responsible for the secretion of salt and water into the aqueous phase. A number of other
ion channels and transporters have been identified on both PCE and NPCE cells, however
the roles they play in solute-coupled fluid secretion across this epithelium are less well

defined. For example, PCE and NPCE cells exhibit whole-cell CI” currents as well as
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volume-activated CI’ currents associated with regulatory volume decrease (RVD) (Coca-
Prados er al, 1995; Jacob & Civan, 1996; Chen & Sears, 1997). CI" channel activity in the
CBE has been proposed to be rate-limiting in the secretion of aqueous humor. Therefore,
activation of CI" channels, most notably basolateral NPCE channels, would promote
aqueous secretion into the posterior chamber (Coca-Prados et al, 1995). Voltage-
dependent L-type Ca®” channels (PCE and NPCE) and T-type Ca’” channels (PCE only)
have also been described in the CBE (Jacob, 1991a; Jacob & Civan, 1996). As in other
cell types, activation of these channels in CE cells would modulate intracellular CaZ”
levels and thus potentially regulate a number of cellular events. One potential role of
PCE-located T-type Ca’" currents would be the activation of Ca> -sensitive K~ channels
(K(ca)) (Jacob, 1991a). T-type Ca’™ channels are active at the normal potential of PCE
cells and thus could provide sufficient Ca®” influx to activate these channels. K(ca)
channel activation would cause membrane hyperpolarization towards Ej, increasing the
driving force for CI” exit and thus the rate of aqueous humor formation into the posterior
chamber.

In addition to Ca®-activated K~ channels, mammalian CE cells also possess
voltage-activated delayed rectifying and inward rectifying K™ currents (Stelling & Jacob,
1991, Fain & Farahbakhsh, 1989; Jacob & Civan, 1996). Functionally, activation of
inwardly rectifying K™ currents helps to maintains the resting potential of CE cells and
increases the driving force for CI” secretion into the aqueous phase by hyperpolarizing the
cell membrane towards Ex. The role of delayed rectifying K~ currents in this epithelium
has not been resolved. Unlike Ixca)they are not thought to play an important role in ion

transport as they are inactivated at the resting potential of the cells and can only be
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activated at depolarized levels (30-40 mV from rest) that the tissue will not normally
reach. A number of nonselective cation and anion channels have also been identified in
PCE and NPCE cells. These channels have been proposed to play a role in Ca®" entry,
cation loading, volume regulation and the translocation of anionic drugs (Jacob & Civan,
1996). Finally, TTX-sensitive and amiloride-sensitive Na~ channels have been described
in isolated CE cells (Fain & Farahbakhsh, 1989; Jacob & Civan, 1996). The role of these

channels in aqueous humor formation remains unknown.

4. Heterotrimeric G proteins

In the eye, ion channels of the RPE and CE are subject to modulation by
autocrine/paracrine and hormonal signals coming from adjacent tissue, nerves or blood
supply. These extracellular signals can initiate a series of intracellular events that leads to
changes in a variety of cell functions including ion channel activity. Probably the best
studied signals are those that act as ligands at receptors that couple to heterotrimeric G
proteins. The following sections will briefly describe how ion channels may be regulated
by G protein coupled receptors and will review our current knowledge on how
transepithelial responses in the RPE and CE are modulated via signaling pathways linked

to activation of these receptors.

4.1. Heterotrimeric G proteins: structure
Heterotrimeric G proteins link the activities of extracellular stimuli to intracellular
response and consist of three heterologous polypeptide subunits: o, B, and v. In their

inactive state, these subunits form a stable membrane-associated oy heterotrimer, with
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GDP tightly bound to the a subunit. This heterotrimer is tethered to the membrane by
prenylation of the carboxyl terminus of the y subunit and myristoylation and
palmitolyation of the amino terminus of the a subunit (Conklin & Bourne, 1993: Neer,
1995). The a subunit is composed of a GTPase domain that contains the GTP-GDP
binding pocket as well as binding sites for receptors, effectors and the By subunit and an
alpha helical domain whose function is not entirely clear. In its inactive state, the o
subunit contacts the B subunit at two sites, one near the N-terminal of the o subunit and
the other at the GTPase domain. The 8 subunit consist of an N-terminal region (the so
called “ coiled-coil””) and 7 repeating units of 43 amino acids which form the so-called
WD repeat region. The B subunit binds the middle region of the alpha helical y subunit
by making extensive contacts via its coiled-coil N-terminus region. These subunits bind
each other so tightly that they can only be separated by denaturants and thus function as a
monomer (for review see; Clapham, 1996).

In their inactive GDP-bound state, Ga subunits have a high affinity for the tightly
complexed B and y subunit. By binds and stabilizes only the GDP-bound form of a
occluding any interaction of the subunits (o and/or By) with downstream effectors. This
inactive trimeric state of the G protein is maintained by the slow rate of GDP dissociation
from the a subunits. However, receptor activation catalyzes the exchange of bound GDP
for GTP on the a subunit. The GTP-bound form of the heterotrimer is unstable and
heterolytically dissociates to form the active GTP-a and By complexes. Once dissociated,
free Ga-GTP and GBY subunits, acting either co-ordinately or independently, can both

bind and regulate intracellular signaling molecules (Clapham & Neer, 1993; Neer, 1995;
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Hamm, 1998 ). Termination of the signaling pathway is dependent opon the intrinsic
GTPase activity of the o subunit which hydrolyzes Ga-GTP to Ga-GDP. Hydrolysis
results in dissociation of the a subunit from effectors and promotes reassociation with the
By dimer. All o subunits isoforms are GTPases, although the rate of GTP hydrolysis
varies greatly from one type to another. The rate of Ga-GTP hydrolysis is also regulated
by interaction of the a subunit with a specific family of GTP-ase activating proteins (or
GAPs) known as regulators of G protein signaling (or RGS proteins) (Koelle, 1997;
Berman & Gilman, 1998). RGS act at the level of the dissociated Ga-GTP to stimulate
GTPase activity and thus facilitate deactivation by hydrolyzing GTP to GDP. Once the
heterotrimer is reformed, the G protein can reassociate with the receptor, which primes
the system to undergo a new cycle of signal transduction. Figure 1.5 shows a schematic

representation of the activation/inactivation cycle for heterotrimeric G proteins.

4.2. Heterotrimer G proteins: activation by receptors

Receptors that are known to transduce extracellular signals via activation of
heterotrimeric G proteins are coined G protein coupled receptors (GPCRs) (Watson &
Arkinstall, 1994). These receptors comprise the largest known family of cell surface
receptors containing more than 1000 recognized members. GPCRs mediate cellular
responses to highly selective ligands as diverse as hormones, neurotransmitters, odorants
and photons. Once activated they promote interaction between the receptor and the G
protein on the intracellular side of the membrane to initiate a complex cascade of

intracellular signaling events.



26

INACTIVE

GTP
P,
. Activated
G receptor
RGS GTP
Protein |8 Hydrolysis
GDP

ACTIVE

Figure 1.5. Heterotrimeric G protein activation



27

GPCRs share a common structural motif consisting of seven transmembrane o
helices joined by three intracellular and three extracellular loops, an extracellular N-
terminal tail and an intracellular C-terminal tail (Watson & Arkinstall, 1994; Wess,
1997). Despite this structural homology, GPCRs can selectively activate specific G
proteins by discriminating among structural features of both By and Ga subunits. This
specificity in G protein-receptor interaction defines the range of responses that a cell is
able to make. Recent investigations have demonstrated that the intracellular loops of
GPCRs have conformations such that they can only accommodate certain G-protein
trimers. All three subunits of the G protein are thought to make contact with the receptor
(Bourne 1997; Wess, 1997). The best-characterized contact is between the carboxy
terminus of Ga with the C terminus of the third intracellular loop of the receptor.
Contacts between the By subunit and the receptor have been reported but are less well
characterized.

Biochemical and mutagenesis experiments suggest that transmembrane segments
and 6 of GPCRs undergo conformational changes upon activation by ligand binding (for
review see; Gether & Kobilka, 1998; Bourne, 1997). These conformational change
uncover previously masked G protein binding sites and promote receptor/G protein
interaction. G-protein binding to its receptor results in activation and exchange of GDP
for GTP on the a subunit. It is not well understood how G protein activation results in the
release of GDP. It has been suggested that receptor binding causes a conformational
change in the shape of the G subunit which, in turn, decreases GDP affinity and allows
for GTP binding to the active site. The GTP-bound activated conformation of the a

subunit has a lower affinity for GBy and the trimer dissociates to start the cycle described
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above. Once this cycle of receptor-G protein activation has been initiated, mechanisms
must exist to ensure proper magnitude and specificity of intracellular responses. At the
receptor level, three major mechanisms exist: desensitization, downregulation and
sequestration (Ferguson et al/, 1996; Krupnick & Benovic, 1998; Carmen & Benovic,
1998). Desensitization of GPCRs occurs primarily by kinase-dependent receptor
phosphorylation mediated by second messenger responsive protein kinases (ie. PKC,
PKA) and specific G protein-coupled receptor kinases (GRKs). Downregulation and
sequestration involves the physical removal of receptor protein from the plasma
membrane. During sequestration, the receptor protein is temporally internalized into the
cytosolic compartment of the cell, whereas during downregulation, there is an overall
reduction in the total cellular level of receptor protein. The coordinated action of these
pathways allows for tight regulation of the intracellular responses linked to GPCR

activation.

4.3. Heterotrimeric G protein: classes and effectors

The family of heterotrimeric G proteins includes over 30 isoforms, which
amounts to at least 20 a, 6 B and 12 y gene products (Hamm, 1998). This diversity
allows for a wealth of heterogeneity in subunit combinations, although the functional
significance of this possibility is not yet understood. Once activated, G protein subunits
can interact specifically with hundreds of different receptors and more than a dozen
effectors providing another vast source of heterogeneity. These effectors include
molecules such as cyclic nucleotides, phospholipases, protein kinases,

phosphodiesterases and ion channels.
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G protein a subunits have been divided into 4 main classes (G, G;, Gq and Gy2)
based in part on their sequence homology and effector interactions. The 4 classes can be
subdivided into specific subtypes (Figure 1.6). Studies have suggested that individual
cells contain at least four or five different Ga subtypes (reviewed by Neer, 1994). These
subunits tend to have a wide tissue expression, with the exception of a few (au, O, as,
Qo and Qtgust), which are more regionally tissue specific. It is the activated conformation of
specific a~-GTP subunits that provides new surfaces for interaction with highly specific
effectors. For example, Gos proteins stimulate adenylyl cyclase (AC), Gaiso family
members are sensitive to pertussis toxin (PTX) and often mediate inhibition of adenylyl
cyclase and Gy and Gy, proteins are PTX-insensitive and frequently couple receptors to
activation of phospholipase C (PLC) isoforms. Despite this apparent rigid selectivity for
G protein-effector interaction, a plethora of studies now supports multiple cross talk
between GPCR signaling pathways (for reviews see; Hamm, 1998; Selbie & Hill, 1998).
For example, in smooth muscle, stimulation of both G; and G4 can augment PLC and
PKC activity to promote contraction. GPCR activation of Ga and Gy subunits can also
regulate receptor tyrosine-kinase-mediated signaling pathways both at the receptor level
and at the level of downstream signaling components (Selbie & Hill, 1998; Luttrell e al,
1997, van Biesen, 1996). Therefore, it is no longer practical to view the cascade from
receptor-G protein-effector as a specific linear sequence of events as multiple interactions
at all levels of receptor-mediated signaling pathways continue to be elucidated.

Five 3 subunits and six y subunits isoforms have been identified and sequenced.
B isoforms share between 53-90% homology whereas y isoforms have less homology

then either a or 8 subtypes. Despite all the potentially different dimer combinations that
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these isoforms could generate, there is a certain degree of specificity in By dimer
formation (for review see; Neer, 1995). For example, $1 and B2 share a high degree of
homology yet only B1 can interact with y 1. Selectivity is thought, at least in part, to be
mediated by multiple sites in the WD repeat regions of the B subunit and a stretch of 14
amino acids in the middle of the y subunit. For a long time it was thought that By dimers
acted simply as negative regulators of a-GTP subunits. Subsequently, the By dimers have
been shown to be positive regulators of a large number of effectors including receptors,
AC, PLCB, PLA,, PI3-kinase, BARK and ion channels (reviewed by Clapham & Neer,
1993). As proposed for activated GTP-a subunits, receptor activation and release of the
G protein By is thought to uncover previously masked sites for direct protein-protein

interaction of the dimer with specific effectors.

S. Regulation of ion channels by Heterotrimeric G proteins

The diversity of signaling cascade initiated by GPCRs provides a wealth of ways
in which downstream effectors may be regulated. lon channels are very common
effectors of G protein-coupled signaling pathways. Regulation of ion channel activity by
G protein activation has been shown to be essential for generating electrical impulses in
excitable cells, for eliciting our sense of vision, taste and smell and for regulating growth
and secretory activities in nonexcitable cells (reviewed by Wickman & Clampham, 1995a
and b). The next section highlights the two main ways in which activated G proteins can
modulate ion channel activity and provides evidence for these pathways in regulating

transepithelial ion fluxes in the RPE and CE.
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5.1. Membrane delimited and second messenger-mediated regulation

Ion channel regulation by GPCRs may be mediated by either G protein-coupled
second messenger cascades and/or a direct “membrane delimited” G protein subunit
interaction with the channel protein. The plethora of second messengers and other
intracellular signaling molecules that can be activated by GPCRs underscores the diverse
ways in which ion channels can be regulated. G protein-mediated elevations in
intracellular Ca*", generation of cyclic nucleotides (cAMP, cGMP), lipid compounds
(arachidonic acid) and stimulation of protein kinases (PKC, PKA, CaM kinase, MAP
kinase) have all been shown to be signaiing components involved in the regulation of ion
channel activity (for see reviews; Jan & Jan, 1997; Finn et al, 1996; Wickman &
Clapham, 1995).

Elevations in intracellular Ca®" can induce changes in the activity of a variety of
ion channels. For example, a number of calcium-activated K™, Cl" and nonselective cation
(NSC) channels found in both excitable and nonexcitable cells are targets for modulation
by agonists that stimulate receptors coupled to Gq proteins (REF). Gq activation
stimulates PLC to generate IP; and DAG with subsequent IP;-mediated Ca®” release from
intracellular stores (reveiwed by; Exton, 1996 and 1997). Elevated cytosolic-free Ca** can
then bind directly to channel proteins to induce opening. Cyclic nucleotides (cAMP,
cGMP), generated by G protein activation of intracellular enzymes, can also directly bind
to ion channels and alter their activity. A variety of nonselective cation channels have
been identified that are directly activated by cyclic-nucleotide binding (reviewed by; Finn
el al, 1996). In vertebrate olfactory neurons, activation of the G, protein-mediated

signaling cascade stimulates adenylate cyclase to produce cAMP, which can directly bind
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and activate a nonselective cation channel. Similar nonselective cation channels that are
activated by direct binding of cGMP have been identified in retinal rods and cones,
photoreceptors and in retinal Muller cells (Kusaka et al, 1996; Wei ef al, 1996).

One of the most ubiquitous mechanisms of ion channel regulation is kinase-
mediated phosphorylation. G protein-coupled signaling pathways can activate all major
classes of protein kinases to regulate ion channels. For example, Gq proteins activate
protein kinase C (PKC) via the generation of diacylglycerol (DAG) and elevation in
[Ca®"};. Simulation of Gs proteins coupled to adenylate cyclase and cAMP production
activates protein kinase A (PKA) and G proteins coupled to elevations in intracellular
[Ca®"] can activate Ca>"calmodulin (CaM)-dependent protein kinases. More recently,
PTX-sensitive Gi proteins and PTX-insensitive Gq proteins have been shown to activate
MAP kinase. All protein kinases cause covalent modification of the channel structure
through the addition of a charged phosphate group from ATP to serine, threonine and/or
tyrosine residues (Jonas & Kaczmarek, 1996). Direct phosphorylation can result in
changes in the activation/activation kinetics of ion channels, can alter levels of channel
protein at the plasma membrane and/or can acutely alter current amplitude with little or
no change in kinetics (Jonas & Kaczmarek, 1996; Smart, 1997).

The role of G protein stimulated phospholipid-derived compounds in ion channel
regulation is less well documented than Ca*” and/or kinase-dependent channel
modulation. Activation of Gi and Gq family members has been demonstrated to result in
activation of PLA; with subsequent PLA;-mediated generation of arachadonic acid (AA).
AA and its metabolites are powerful modulators of both cardiac and neuronal K~ currents

(Zinn et al, 1998), volume sensitive CI" channels in osteoblastic cells (Gosling et al,
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1996) and large-conductance Ca*"-activated K~ currents in chromaffin cells (Twitchell er
al, 1997). In most cases, modulation of ion channel activity by AA and/or its metabolites
appears to be direct without the involvement of kinase or Ca2°-dependent processes
(Twitchell et al, 1997). More detailed information on the mechanisms involved in G
protein-activated lipid modification of ion channel activity and the roles that other lipid-
derived molecules may play awaits further investigation.

Regulation of ion channel activity by a G protein-coupled pathway independent of
any soluble intracellular signaling element has also been proposed. This so-called
“membrane-delimited” pathway has now been described for the modulation of inwardly
and outwardly rectifying K™ channels, voltage-gated Ca®" channels, inwardly rectifying
CI” channels, and amiloride-sensitive Na™ channels (reviewed by Hille, 1994; Wickman
& Clampham, 1995). Generally, a membrane-delimited route is proposed whenever
agonists, G protein analogues or purified G protein subunits can regulate ion channel
activity in excised patch recordings where cytosolic signaling elements are absent. It has
been suggested that in the absence of cytosolic second messengers ion channels are
activated/inhibited by the direct binding of either the activated GBv subunit and/or Ga
subunit directly to the channel protein. Activated By subunits have been demonstrated to
directly modulate the activity of cardiac and neuronal Ixchx channels and voltage-gated
N-type Ca®” channels (reviewed by Dolphin, 1998). Similarly, a primary role for
activated Ga subunits in membrane delimited regulation of the cardiac ATP-sensitive K~
channel (G;), the epithelial amiloride-sensitive Na™ channels (Gy3) and voltage-
dependent L-type Ca®* channels (Gas and Gaqo) has also been proposed (Wickman &

Clampham, 1995).
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Despite the description of the two distinct G protein-mediated pathways
regulating ion channel function, one should bear in mind that this artificial separation
between membrane-delimited versus second-messenger-mediated does not occur in vivo.
Studies have demonstrated that ion channels can be modulated at a number of sites by
multiple G protein pathways acting in concert. Multiple modulation may provide fine-
tuning of ion channel activity by allowing for versatile regulation in response to a variety

of extracellular and/or intracellular stimuli.

3.2 Ion channel regulation in the RPE

[n the eye, the basal surface of the RPE is in close approximation to the
choriocapillaries, whereas the apical membrane of the RPE interacts with the
photoreceptors of the neural retina. Paracrine and/or hormonal factors emanating from
either of these tissues may modulate transepithelial responses. Biochemical and
electrophysiological studies on the RPE have demonstrated that adrenergic, muscarinic,
purinergic and dopaminergic agonists can modulate both transepithelial ion and fluid
transport as well as other RPE functions including phagocytosis (Dearry et al, 1990;
Gregory et al, 1994; Gallemore & Steinberg, 1990). These agonists couple via GPCRs to
signaling pathways that alter intracellular phospholipid, Ca® and cyclic nucleotide levels.
Studies investigating the role(s) that these signaling elements play in the regulation of ion
channel activity are integral for our understanding of the basic transport mechanisms at
work in the RPE as well as how modulation of these ion transport pathways may

ultimately lead to alteration in RPE function.
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A number of studies have examined the effects of intracellular signaling
molecules on RPE fluid and ion transport by bypassing GPCR activation. For example, in
isolated bullfrog RPE-choroid preparations, elevations in intracellular cAMP stimulates
active NaCl secretion and K absorption as a result of active CI" transport inhibition and a
stimulation of active K™ and Na" transport (Hughes er a/, 1987; Hughes & Edelman,
1988). Similar results have been found in the chick RPE-choroid preparation, where
basolateral CI" conductances were shown to be inhibited by elevated intracellular cAMP
(Kuntz et al, 1994). These effects of elevated cAMP levels on ion channels in the RPE
suggests that ligands linked to a Gs-mediated signaling pathway may be very important
paracrine signals for the modulation of transepithelial ion transport.

In rabbit and bovine RPE, ion transport studies have shown that epinephrine,
acting on apical G protein-coupled o;-adrenoceptors, stimulates fluid absorption across
the RPE (Jospeh & Miller, 1992). This absorptive pathway involves stimulation of apical
Na -K™-2CI’ co-transporters and CI” conductive pathways at the basolateral membrane.
One consequence of ion-coupled fluid absorption in the RPE is a reduction in subretinal
fluid volume. Thus, epinephrine may play an important role in retinal adhesion by acting
as a paracrine signal to regulate hydration in the subretinal space. A paracrine role for
extracellular ATP, neuropeptide Y (NPY), and dopamine in regulating transepithelial
fluid and ion transport has also been proposed in the RPE. Extracellular ATP acting via
putative Gq-coupled P2Y purinoceptors affects the activity of both an apical K™ and a
basolateral CI" current (Petersen et al, 1997). This change in channel activity is correlated
with an increase in both intracellular free [Ca*" ] and fluid absorption across the apical

surface. Thus, in a manner similar to epinephrine, the effect of ATP on ion channels in
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the RPE is linked to the regulation of subretinal ion composition and fluid volume. NPY
receptor subtypes have also been identified on the RPE. These receptors couple to a
variety of G proteins including Gi, Go and Gq. Functionally, activation of these receptors
stimulates elevations in intracellular Ca*” and cAMP levels. Studies in bovine and human
RPE-choroid preparations have demonstrated that NPY-mediated elevations in [Ca®’J;
increases the transepithelial potential, as a result of the activation of a basolateral Ca*"-
sensitive Cl" conductance (Ammer ez a/, 1998). This finding suggests that, like
epinephrine and ATP, NPY-mediated activation of a basolateral CI" conductance may be
involved in altering CI” and fluid transport across the RPE. A similar affect for dopamine
on basolateral CI" conductances in the RPE has also been reported (Gallemore &
Steinberg, 1990).

[n addition to traditional peptide agonists, a recent study has demonstrated that the
simple phospholipid lysophophatidic acid (LPA) can alter ionic conductances in isolated
rat RPE cells (Thoreson & Chacko, 1997). LPA has been shown to act at membrane
receptors coupled to PTX-sensitive G; proteins (reviewed by; Moolenaar ef al, 1997). The
effect of LPA on transepithelial transport has not yet been investigated. In rat RPE cells
however, LPA does activate a nonselective cation current and an outwardly rectifying K~
current in a PTX-sensitive manner suggesting the involvement of G; proteins. Receptors
for a variety of other agonists including: carbachol, serotonin, vasopression, melatonin
and atrial naturetic peptide have all been demonstrated in the RPE (Friedman er a/, 1991;
Osborne et al, 1993; Wolfensberger ef al, 1994; Nash & Osborne, 1995; Nash &
Osborne, 1996). Within the epithelium, these agonists activate GPCRs to mediated PI

turnover, elevations in intracetlular [Ca®**] and cyclic nucleotide (cCAMP, cGMP)
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generation. Due to the fact that the generation of these intracellular signaling molecules
has been previously linked to changes in ion and fluid transport it appears likely that the
RPE is modulated by a number of paracrine signals, which via cross-talking pathways,

tightly regulate ion and fluid transport.

5.3. Rationale for studying ion channel regulation by G protein-coupled

signaling pathways in the RPE

RPE fluid and ion movement is vital not only to RPE function but is also
inextricably linked to the maintenance of retinal function. Therefore, identifying the
role(s) that agonists and signaling pathways may play in modulating ion/fluid movement
under physiological conditions may augment our understanding of the underlying causes
of altered RPE function under pathophysiological conditions. This rationale is supported
by the observation that a number of the signaling pathways in the RPE linked to altered
ion transport have been implicated in ocular disorders. For example, G protein-coupled
signaling pathways linked to, cAMP, IP; and elevations in [Ca®"]; have been found to be
altered in the RPE from Royal College of Surgeons (RCS) rats (Heth & Marescalchi,
1994; Heth et al, 1995). This rat stain has an autosomal recessive mutation that results in
marked retinal degeneration due to a phagocytic defect in the RPE. Retinal degeneration
in RCS rats is commonly used as a model for the retinal degeneration associated with the
human disorder Retinitis Pigmentosa (Nash & Osborne, 1995). Changes in IP; and
[Ca®"]; signaling in RPE cells from RCS rats was correlated to alterations in both CI" and
Ca®” conductances as compared with nondystrophic control rats (StrauB ef al, 1996).

Since phagocytic ability has been linked to changes in ion channel activity in other cell



types (Ince et al, 1987 &1988), these findings raise the interesting possibility that
signaling defects in the RPE from RCS rats may cause functional changes in ion channels
that are involved in phagocytosis. A similar role for signaling-mediated changes in ion
channel function in the RPE has been proposed in the genesis of central serous
retinopathy (CSR). CSR is characterized by fluid accumulation in the subretinal space
which eventually leads to retinal detachment and blindness (Marmor, 1988). Subretinal
accumulation is believed to occur as a result of defective fluid and ion transport by the
RPE, suggesting that this epithelium plays a central role in the pathogenesis of this ocular
disease. In a recent study, elevations in intracellular cAMP levels mediated by activation
of G protein-coupled receptors was shown to cause ion pump dysfunction and reversal of
ionic flow in the RPE (Zamir, 1997). Flow reversal would abolish net fluid absorption
and cause fluid accumulation in the subretinal space. Therefore, these findings support
the possibility that a signaling pathway(s) linked to alterations in cAMP may play a role
in the genesis of CSR.

In light of the important role G protein coupled signaling pathways play in the
normal physiology of the RPE and their potential role in ocular pathologies such as

Retinitis Pigmentosa and CSR the main objectives of this thesis section are:

i. To examine the effect of G protein activation on whole-cell currents in

isolated rat RPE cells.
ii. To identify and characterize G protein activated channels in rat RPE
cells and examine the signaling pathway(s) involved in their

regulation.
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iii. To examine the actions of purinergic receptor-coupled signaling
pathways in modulating cation currents and intracellular Ca*' in

isolated rat RPE cells.

5.4 Ion channel regulation in the CE

The ciliary epithelium has a vast array of ion channels, pumps and transporters
that play a vital role in the formation of aqueous humor. Within the eye, the sympathetic
nervous system is an important common pathway in the regulation of aqueous humor
flow. Sympathetic nerve fibers are present throughout the iris stroma and have also been
observed in the ciliary muscle, where their function is not well understood (Wax, 1992;
Caprioli, 1992). Given the close approximation of the epithelia cells to the stroma and
underlying muscle, ion channels in the CE may be targets for modulation by
neurotransmitters released from adrenergic nerve endings. The ciliary body also receives
fibers from the parasympathetic nerves that innervate the ciliary muscle suggesting that
cholinergic regulation of ion channels in the CE may also affect aqueous humor
formation. It has been demonstrated that both parasympathetic and sympathetic nerves
are present in the ciliary processes within the vicinity of the epithelial cells (Caprioli,
1992). In addition to transmitter release, circulating catecholamines or other factors may
also reach the CE via the major arterial circle located in the ciliary body. In support of
this hypothesis, studies have demonstrated that catacholamines are present throughout the
uveal tract especially around the blood vessels within the CB (Kramer ef al, 1972). There
is also evidence to suggest that the CE may synthesize, process and release certain

peptides into the aqueous humor where they could alter ion channel function through an
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autocrine and/or paracrine manner (Trope & Rumley, 1985; Trope et al, 1987). Thus,
paracrine and or autocrine signals from a number of sources have the potential to regulate
ion channels in the CE.

Therapeutically, both adrenergic agonists and antagonists lower intraocular
pressure (IOP) via actions on aqueous humor production and outflow (Ross & Drance,
1970; Krupin ez al, 1980). While the net effect may be a reduction in IOP, the action of
these agents at the level of the CE is still incompletely understood. Studies on isolated
iris-CB preparations from a number of mammalian preparations have demonstrated that
adrenergic selective agonists affect transepithelial electrical measurements (Krupin ez al,
1991). Both o and B agonists decreased short circuit current (SCC) in a dose-dependent
fashion. A change in SCC indicates that ionic movement through the CE is altered
however, it does not permit an identification of whether this change represents an
increase or decrease in net ion transfer. These studies were the first to suggest that
adrenergic receptors were present in the CE and that their activation was linked to
changes in ion channel activity. All adrenergic receptors are G protein-coupled and
radioligand binding studies in the CE have established that both ot (02>ac1) and B
(B2>P1)-receptor subtypes are present (Nathenson, 1981; Wax & Molinoff, 1986: Huang
et al, 1995; Bylund et al, 1997, Jin et al, 1994). Studies on intact dog CE bilayer further
demonstrate that B-adrenergic receptor ~mediated elevations in cAMP stimulate aqueous

humor formation through the activation a Cl" conductance thereby promoting CI efflux
(Chen et al, 1994). As mentioned above (section 3.2), CI" efflux plays a major role in AH
formation and therefore any factor that alters Cl” conductances may affect both the rate

and quantity of aqueous humor secreted. Thus, there is good evidence to suggest that
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activation of B-adrenergic receptors coupled to Gs-stimulated signaling pathways may
play an important role in ion channel regulation in the CE. However, despite a role in
modulating SCC, the effect of o-adrenergic signaling pathway(s) on ion channels in the

CE remains undefined.

Like adrenergic agonists, parasympathomimetic agents have also been found to
reduce IOP, although this effect is predominantly due to an increase in outflow
(Kaufman, 1984). At the level of aqueous secretion however, their role is less clearly
defined. The identification of muscarinic receptors in both isolated NPCE cells and intact
iris-CB preparations suggests that these agents may act at the level of the CE to alter
aqueous secretion. However, conflicting reports have found no effect, stimulation or
inhibition of AH formation. The first report demonstrating an effect of cholinergic
agonists on ion channels in the CE was demonstrated in cultured human NPCE cells.
Acetylcholine was shown to transiently hyperpolarize the membrane potential via
activation of an outwardly rectifying Ca*"-sensitive K~ current by mobilization of Ca?"
from intracellular stores (Helbig ef a/, 1989). The authors of this paper hypothesized a
basolateral locale for this channel and proposed that it may be involved in the recycling
of K” pumped into the cell and thus indirectly influence the rate of Na~ transport. Similar
to the findings in NPCE cells, carbachol-mediated increase in [Ca’"]; also transiently
activated an outward K™ current via stimulation of M3 receptors in isolated bovine PCE
cells (Stelling & Jacob, 1993). In this paper, the authors suggested that activation of this
current in PCE cells would hyperpolarize NPCE cells, provide a driving force for CI exit
and thus increase aqueous secretion. The lack of a clear effect of parasympathomimetic

agents on AH secretion in vivo makes it difficult to assign a role for cholinergic-activated
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K" current in coupled ion/fluid secretion. These studies do suggest however, that ACh
acting at GPCRs linked to elevations in intracellular Ca®>" may be an important paracrine
signal for the regulation of ion flow across this epithelium.

A variety of other receptors that couple to G protein-mediated signaling pathways
have also been demonstrated in the CE. These include receptors for adenosine, ATP,
histamine, vasoactive intestinal peptide and endothelin (Crook e a/, 1991; Farahbaksh &
Cilluffo, 1996). Activation of these receptors in isolated PCE and NPCE cells may cause
stimulation of PLC, phospholipid generation, mobilization of intracellular Ca®", changes
in cAMP levels and production of PGE;. Based on evidence that demonstrates a role for
these intracellular signaling elements in altered ion channel activity, the CE, like the
RPE, is poised to receive and respond to signals from multiple G protein-coupled
pathways. Currently, little is known about how these signaling pathways target ion

channels in the CE to affect aqueous humor secretion.

3.5. Rationale for studying ion channel regulation by G protein-coupled

signaling pathways in the CE

Decreasing aqueous production is still the major target in the pharmacological
management of glaucoma. Autonomic drugs and carbonic anhydrase inhibitors are
widely used in the treatment of glaucoma but their use is limited by a number of side
effects. Therefore, exploring alternative ways to suppress secretion and reduce IOP
without the unwanted side effects of current therapies is an area of intense interest.
However, attempts to alter AH secretion are frequently hampered by a relative lack of

understanding of the precise cellular mechanisms that underlie this process. Thus,
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identifying the selective receptor subtypes and molecular signaling pathways involved in
regulating ion transport in the CE will not only enhance our knowledge of the basic
physiology of aqueous humor formation, but may also provide specific targets for the
development of selective drugs with fewer side effects. Therefore, the objectives of this
thesis section are:
i. To examine the effect of adrenergic agonists on whole-cell currents in
isolated pigmented ciliary epithelial (PCE) cells.
ii. To determine the receptor subtype(s) and signaling pathway(s)
mediating adrenergic regulation of cation and/or anion channels in

isolated PCE cells.
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1. Cell Dissociation and Culture

1.1 Retinal Pigment Epithelial Cells

Long Evans rats (age 8 to 14 days) were anaesthetized using halothane, sacrificed
by decapitation, and the eyes enucleated. Rats were maintained and anaesthetized in
accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. The RPE cells were isolated using a modification of the method of Wang,
Koutz and Anderson (1993). Enucleated eyes were placed in calcium-free Hank's
solution containing EDTA (CFHE; Gibco BRL, Burlington, Ontario). The connective
tissue was removed and the globes were bisected along the equator just above the ora
serrata so that the neural retina remained attached to the posterior eyecup. The anterior
portion of the eye containing the cornea, lens and vitreous was discarded. The posterior
eye cup was then placed in calcium-free HANK’s EDTA containing 220 U/ml
hyaluronidase type III (Sigma Chemical Company, St. Louis) and 65 U/ml collagenase
A (Boehringer Mannheim, Laval, Quebec) for 10 minutes at 37°C. Under a dissecting
microscope, in fresh CFHE without enzyme, the neural retina was cut at its attachment to
the optic nerve head and was gently peeled from the eye cup using forceps. The
remaining posterior segment was incubated at 37°C for 5 minutes in CFHE enzyme
solution to facilitate the dissociation of the RPE from Bruch’s membrane. Following a
second transfer to fresh CFHE, the RPE was gently removed from the remaining eyecup
using forceps so as not to disturb the underlying choroid, and collected using a
fire-polished Pasteur pipette. RPE tissue was triturated through a narrow-bore

fire-polished Pasteur pipette to yield a suspension of single cells and small clumps of
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RPE tissue. The cell suspension was washed and resuspended in 500 ul of Dulbecco's
Modified Eagle's Medium (DMEM) plus 20% fetal calf serum, 0.5%
penicillin-streptomycin (Gibco BRL, Burlington, Ontario), and gentamicin (50 ug/ml;
Sigma Chemical Company, St. Louis). The cell viability was estimated using trypan blue
exclusion and was generally greater than 90%. The cells were seeded onto glass
coverslips (12 mm diameter) in 4-well culture dishes and placed in 2a37°C incubator with
an atmosphere of 5%C02/95% O,. The medium was changed to DMEM containing 10%

fetal calf serum and antibiotics 24 hours following the initial plating (Figure 2.1).

1.2 Pigmented Ciliary Epithelial Cells

Eyes were enucleated from 5-10 week old pigmented rabbits (Reimens, Ontario) in
accordance with the ARVO statement for the Use of Animals in Ophthalmic and Vision
Research. Rabbits were euthanized with 0.3 ml/kg of Euthanol (sodium-pentobarbital; MTC
pharmaceuticals, Cambridge, Ontario) by intravenous injection into the marginal ear vein.
Enucleated eyes were placed in sterile Dulbecco's phosphate-buffered saline (D-PBS;
Gibco, Grand Island, NY) and the ciliary body was freed from the iris by an incision
between the iridal and ciliary processes. The epithelium was then dissected from the
underlying stroma and treated for 30-40 minutes with D-PBS containing collagenase (1.5
mg/ml; Sigma) and pronase (1 mg/ml; Boehringer Manneheim). Epithelial pieces were
triturated gently to yield single PCE and NPCE cells and small tissue explants. The cell
suspension was centrifuged at 5000 g for S min, washed with enzyme-free D-PBS and then

re-centrifuged. Cells were seeded onto glass coverslips (12 mm diameter) and incubated at
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37°C in DMEM containing 5 or 10% fetal calf serum and placed an atmosphere of 5%

C0,/95% O, (Figure 2.2).

2. Immunocytochemistry

RPE or PCE cells, plated on glass coverslips, were washed three times with PBS
to remove the culture medium and then fixed by the rapid addition of precooled methanol
for 2-5 min at —20°C and washed three times for 10 min with 2% bovine serum albumin
(BSA) in PBS at RT. The cells were then permeabilized and endogenous
endoperoxidases blocked by incubation for 20 min at RT in 0.3% TritonX 100 + 3% H,0,
in PBS. The cells were then washed (3X10 min) with 2% BSA in PBS and treated for 1
hour with donkey serum at RT to block any non-specific binding. The cells were then
incubated overnight at 4°C with primary antibody at the appropriate dilution. Cells were
then washed 3X10 min with PBS before incubation at RT for | hour with the appropriate
IgG secondary antibody conjugated with the reactive fluorescent dye Cy3 or Cy2. The
cells were then washed 3X5 min with PBS, mounted onto glass slides with aqueous
mount (1:3; PBS/glycerol) and fluorescently labeled cells were visualized under
epifluorescence illumination (Nixon Diaphot) and photographed on Kodax 400 film. For
nuclear immunofluorescence, fixed cells were rinsed with PBS 3X Smin at RT. Cells
were then incubated with 1pug/ml of Hoescht Reagent (Sigma) for 20 min at RT in the

dark. Cells were washed (PBS 3X 5min) and mounted onto glass slides with aqueous

mount.



"Sj{€Iep Joj Jxe) e6S “aUNyNd pue uoRe|os| IO Jiqqel Jo weibelp opeweyds Z'Z ainbiy

\%t .L-Clir.:
Co \

o 4h~

M @oepns .w.n,-. \iv.w I
|esidy we

.l.

shep p| 0) dn A
'O %S56/00% G ' o JUAY a o J.ss
1199 |eyaynda (! v
pajuawbid-uoN W/ ? Mw//
s W
Y :_m: L4 ? v

mommoooa Keyn
Apoq Aseyd

“ d -
- § /
*,N\\..x.n.;;

au_.,%o: mﬁx ewois _,

0 |eljeynda
pajuawbig




51

For all immunofluorescent experiments, substituting PBS for primary antibody in
one coverslip of cells controlled for non-specific background fluorescence. All other

steps remained the same.

3. Electrophysiological Recording

3.1 Solutions

RPE cells, attached to glass coverslips, were placed in a shallow recording
chamber (volume 1 ml) and positioned on the stage of a Nikon inverted microscope
(Nikon Canada Intruments Inc). The recording chamber was superfused (1 - 2 ml/min)
with a variety of solutions via gravity inflow from elevated reservoirs. The flow rate was
regulated by a series of valves. Perfusands containing NaHCO- were continuously
bubbled with 5% C0,/95% O2. All extracellular and intracellular solutions were adjusted
to pH 7.3 - 7.4, and the osmolarity was measured by freezing point depression (Osmette
A, Fischer Scientific, Nepean, Ont.). Extracellular solutions had a final osmolarity of 330
- 340 mOsm and the osmolarity of intracellular solutions was between 310 - 320 mOsm.
The use of a slightly hyperosmotic external solution was found to be effective in
eliminating transient changes in ionic conductances, which occurred as a result of
osmotic changes during the initial period of whole-cell recording. Table 1 lists the
various extra- and intra-cellular solutions used. These solutions were used in numerous
combinations to isolate and study specific ionic currents in ocular epithelial cells and will

be discussed separately in the following chapters.



TABLE 1.1 Composition of extracellular solutions (mM)

NaCl

KCI

Na - HEPES
Glucose
MgCl,
CacCl,
NaHCO,
Choline - Cl
TRIS - Cl
NMDG - Ci
EGTA

Na® -aspartate

A
130
5
10
10
1

S
10
10

C
5

10

10

D E

5 145
10 10
10 10
140 -

F

30

5
10
10

G H
130 30

5 b6
10 10

10 10
1 1
0.2 0.2
10 10

Composition of intracellular solutions (mM)

NacCl

KCI

Na’'- HEPES
HEPES acid
MgCl ,
CaCl,

EGTA
K*-aspartate
Cs’ -aspartate
BAPTA

CsCi

ATP
GTP

J

K L
30 30

10 10

20
1

0.1
1
140

10
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3.2 Whole-cell Patch Clamp Technique

We used the whole-cell patch clamp technique to measure currents in isolated
RPE cells (Hamill er al., 1981). Figure 2.3 A and B shows a schematic diagram of this
recording technique. Patch electrodes were pulled from borosilicate glass micropipettes
with diameters of 1.5 mm outside and 1.1 mm inside (Sutter Instruments, Novato, CA)
using a two-stage vertical microelectrode puller (Narishige model PP83, Tokyo, Japan).
Electrodes were coated with beeswax in order to reduce input capacitance (Rae & Levis,
1984) and had resistances of 2-3 MQ when filled with intracellular solution and placed
in the extracellular bathing solution. The reference electrode used was a sealed
electrode/salt bridge combination (Dri-Ref-2; World Precision Instruments, Sarasota,
FL). Offset potentials were nulled using the amplifier circuitry before seals were made on
cells.

A seal of gigaohm resistance was then formed between the pipette and a small
patch of the cell membrane by pressing the pipette to the membrane and applying
negative pressure. The capacitive transient arising due to pipette capacitance was
cancelled using the capcitance compensation circuitry on the amplifer. A further pulse of
suction was then applied which ruptures the patch of membrane but leaves the giga-seal
intact. In this whole-cell configuration, the pipette interior is in direct contact with the
cell interior. The additional capacitive transient that arises upon attaining whole-cell
configuration (reflecting the product of the pipette resistance and the cell membrane) is
cancelled, and the total response of all ion channels in the cell can now be investigated

and recorded.



A. Whole-Cell Configuration

B

B. Whole-Cell Voitage Clamp
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Figure 2.3. (A). Schematic diagram of whole-cell patch
clamp configuration.(B). Schematic diagram for
whole-cell patch clamp recording. See text for detalils.



Membrane potential and ionic currents were recorded with an Axopatch 1D
amplifier (Axon Instruments, Foster City, CA). Voltage step commands were generated
with CLAMPEX (pClamp software, Axon Instruments). To restrict the bandwidth of
extraneous noise, yet to still allow adequate signal resolution, currents were filtered with
a 4-pole low-pass Bessel filter (-3 dB at 1 kHz). Currents were digitized at a sampling
frequency of 5 kHz using pCLAMP software (Axon Instruments). Current and voltage
were displayed on a Gould TA240 chart recorder and were stored on computer disk.
Values for cell capacitance were obtained from the capacitance compensation circuitry on
the amplifier. Measures of series resistance were obtained directly from the amplifier and

were always less than 15 MQ. All experiments were conducted at room temperature

(20-22°C).

3.3 Liquid Junction Potentials

Liquid junction potentials exist whenever two solutions of different composition
come into contact. These potentials arise as a result of the different mobilities of the ions
that make up the solutions. Mobility is determined by the frictional resistance to ion
movement which results from the dimension of the ion and the viscosity of the medium
through which they move (Barry & Lynch, 1991). In whole-cell patch clamp
experiments, LJPs of significant magnitude can arise between pipette and bath solutions
that differ in their concentration and composition of ions (Ng & Barry, 1995; Neher,
1992). These LJPs cannot be eliminated by the initial procedure in whole-cell patch
clamp whereby the patch-amplifier is offset (or “zeroed™) prior to seal formation (see

above).
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Liquid junction potentials (LJP) between the bath and patch clamp electrodes
were measured experimentally and defined as the potential of the bath solution with
respect to the pipette solution (Barry & Lynch, 1991). For whole-cell recording the
membrane potential of the cell, V,,, was then calculated as V, = Vp - LJP. To confirm
experimentally generated measurements, LJPs were also calculated with a software
program (JPCalc, Version 2.00; P.H. Barry, Sydney, Australia) which uses the
generalized Henderson equation for N polyvalent ions,

N N
LJP = (RT/F) S¢ In {Z ztuiaf / > zlﬁ ui a} (1)
=1 =

where
N N

Se=Z[(zu) @’ -a)]/ £[z° ui@@®-a")]
=1 i=1
where LJP represents the potential of the solution (S) with respect to the pipette (P) and
u, a and z represent the mobility, activity and valency (including sign) of each ion species
(1); R is the gas constant, T is the temperature in K and F is the Faraday, so that RT/FIn =

58.2 logio in mV at a temperature of 20°C. All the data shown in results (Chapter 3-5)

have been corrected for LJPs and the values for the various combinations used.

3.4 Pharmacological Treatment
Drugs were first dissolved in Millipore water or dimethylsulfoxide (DMSO)
depending on their solubility to make concentrated stock solutions. Stock solutions were
stored at —20°C until use when they were then diluted to the appropriate concentration in
extracellular or intracellular solution. The final concentration of DMSO in the

experimental solutions was always less than 0.05%; a concentration at which DMSQO is
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reported to have no significant effect on the electrical properties of rat RPE cells (Ueda &
Steinberg, 1994).

Drugs diluted in intracellular solution were dialysed directly into the cells via
inclusion in the patch pipette. Those drugs diluted into extracellular solution were applied
to the cells by bath superfusion or pneumatic pressure ejection from a micropipette (see
Methods section in chapters for details). Drugs included in the intracellular recording
solution were allowed to dialyse for 10 min after achieving whole-cell configuration
before electrophysiological recordings were made. Bath superfused test solutions were
applied for a minimum of five and usually for ten complete (1 ml) bath exchanges. For
application of test substances by pressure ejection, micropiettes (> 2 mm in diameter)
were positioned 50-100 um from the cell and 2-5 Ib in® (~14-34 kPA) pressure was
applied to the back of the micropipette using a Picospritzer II (General Valve Corp.,
Fairfield, NJ, USA) for 4 - 40 sec. Pressure ejection of extracellular solution in the
absence of drug was routinely performed to control for any changes in ionic currents

related to this method of drug application.

3.5 Quantitative analysis

Analysis of whole-cell data was performed using CLAMPFIT (Axon pClamp
Ver.5.5.1 or 6.0 Software). All current-voltage plots were obtained by averaging the
current amplitude measured over 50 ms prior to the cessation of the depolarizing step
commands. All I-V plots were constructed in Excel (Microsoft) or Origin (MicroCal
Software Inc.). Final composite figures were constructed using CorelDraw (Corel Corp.,

Ontario, Canada). To account for variation in cell size most data have been normalized by



dividing current (pA) by cell capacitance (pF). In some records, the current traces were
corrected for a linear “leakage” current. This linear and time-independent current was
obtained by measuring the current amplitude at hyperpolarized potentials at which no
voltage-dependent currents should be present. When data have been leak subtracted, this

is noted in the figure legends. All data has been corrected for LIPs (see above).

4. Statistical Analysis
Data are presented as mean + S.E.M. mean and analysed by use of Student’s

unpaired t test unless otherwise noted. A significance level of P < 0.05 was accepted.



CHAPTER 3

Activation of voltage-dependent K* currents and a
nonspecific cation current in cultured rat retinal
pigment epithelial cells

This work has been previously published by Poyer, J., Ryan, J.S. and Kelly, M.E.M
(1996). J. Membr. Biol. 153 :13-26 and Ryan, J.S. and Kelly, M.E.M. (1998). Brit. J.

Pharmacol. 124:1115-1122.

59



60

ABSTRACT

Whole-cell patch-clamp recording techniques were used to investigate the G
protein subtype and related signaling molecules involved in activation of a nonspecific
cation (NSC) current in cultured rat retinal pigment epithelial (RPE) cells. Using 140 mM
KCl intracellular and 130 mM NaCl extracellular solutions, rat RPE cells exhibited
inward and outward K~ currents. Upon addition of the non-hydrolyzable guanine
triphosphate analogue, guanosine-5'-O-(3-thiophosphate)(GTPYS, 0.1 mM), to the
recording electrode, a non-specific cation (NSC) current was elicited. The NSC current
had a mean reversal potential of +5.7 mV in 130 mM extracellular NaCl with Cs"-
aspartate in the pipette, and was not affected by alterations in the extracellular CI°
concentration or removal of extracellular Ca®>~. The GTPyS-activated current was found
to be permeable to several monovalent cations (K™, Na~, choline, TRIS, and NMDG).
Addition of fluoroaluminate, an activator of large molecular weight heterotrimeric GTP-
binding proteins (G proteins), to the intracellular recording solution activated the NSC
current. The G protein involved was pertussis toxin (PTX)-sensitive, since GTPyS failed
to activate the NSC current in cells pre-treated with PTX. Loading RPE cells with an
antibody (10 pg/ml) against the a subunit of all PTX-sensitive G proteins (Gui/ov2)
reduced NSC current activation, while loading RPE cells with antibodies directed
specifically against the o subunits of the G; subclass (Gai.3) completely abolished current
activation. Investigation of the potential downstream mediators in the G-NSC channel
pathway suggested that activation of the NSC current was not dependent on intracellular

Ca’", but that the [Ca *); may play a modulatory role in current regulation. The NSC
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current was unaffected by treatment of RPE cells with the selective protein kinase C
inhibitor GF 109203X (3 uM) or the selective CAM kinase II inhibitor KN-93 (50 uM).
However, current activation was delayed and current amplitude reduced in the presence
of the nonselective kinase inhibitor H-7 (100 uM), or the selective inhibitor of MAPKK
(MEK) activation, PD 98059 (50 uM). In the absence of GTPYS, the NSC current was
not activated by superfusion of the cells with the cGMP kinase activator dibutyryl-cGMP
or with the adenylate cyclase activator forskolin. These results support the involvement
of a G protein of the G subclass in the activation of a NSC current in rat RPE cells, and
suggest a potential modulatory role for [Ca?” ];and MAP kinase-dependent
phosphorylation in current regulation. Activation of the NSC current would depolarize
RPE cells and lead to the activation of outward K™ currents. This could provide a

mechanism by which these cells could rid themselves of accumulated K.
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INTRODUCTION

The retinal pigment epithelium (RPE) is a specialized monocellular layer of
epithelial cells that lies external to the neurosensory retina. The RPE serves a number of
functions essential to the viability of the outer retina and the photoreceptors (Zauberman,
1979). Fluid and ion transport by the RPE are thought to be essential to the maintenance
of retinal attachment and optical clarity, as well as being intergral components in the
regulation of ion homeostasis in the subretinal space between the photoreceptors and the
RPE (Steinberg & Miller, 1979; Zauberman, 1979). Patch-clamp recordings from freshly
isolated and cultured RPE cells in both amphibians and mammals have identified a
variety of ion channels. Several voltage-dependent K~ selective (Fox, Pfeffer & Fain,
1988, Strauss, Richard & Wienrich, 1993; Strauss, Weiser & Wienrich, 1994: Tao,
Rafuse & Kelly, 1994) and Ca®” -selective ion channels (Ueda & Steinberg, 1993; Strauss
& Wienrich, 1993), as well as anion channels have now been described (Botchkin &
Matthews, 1993; Ueda & Steinberg, 1994). The activity of these ion channels is
important in the modulation of net fluid and ion transport, light-evoked responses, and
phagocytosis by this epithelium. Understanding how these ion channels are regulated
may, therefore, aid in our understanding of the mechanisms controlling various RPE
functions.

GTP-binding proteins (G proteins) are known to directly couple a variety of
receptors to intracellular effectors, and considerable evidence now confirms that ion
channels are common effector proteins in G-protein mediated signaling pathways (for
review see Breitwieser, 1991; Rodbell, 1992). Ion channels can be modulated indirectly

by G proteins, via activation of downstream soluble second messengers or protein kinase
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phosphorylation pathways. In addition, a pathway independent of soluble second
messengers involving direct membrane delimited G protein regulation of ion channels
has also been suggested (Brown, 1993; Wickman & Clapham, 1995)

Several G protein alpha subunits (G) have been shown to be expressed in RPE
cells (Jiang er al., 1991). Activation of G protein—coupled signaling pathways, linked to a
variety of intracellular signaling pathways, has been shown to modulate a number of
RPE functions (Nao-i ef a/, 1990; Gallanmore & Steinberg, 1990; Gregory, Abrams &
Hall, 1992 ). The roles that these G proteins and their associated signaling pathways may
play in regulating specific ionic conductances in the RPE, however, have not been fully
elucidated. However, regulation of ion channel activity by G protein-coupled signaling
pathways is important for the control of fluid and ion transport and phagoctyosis in RPE
cells. Therefore, our purpose was to examine the role of G proteins in regulating ionic
conductances in RPE cells and to investigate the potential role of other downstream

signaling components in this regulation.
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MATERIALS AND METHODS

1. Cell Dissociation and Culture

Long Evans rats (age 8 to 12 days) were anaesthetised using halothane, sacrificed
by decapitation, and the eyes enucleated as previously described (see GENERAL
METHODS, section 1.1). RPE cells were maintained in culture for 2 - 5 days prior to
electrophysiological recording. This culture period was chosen as cells maintained longer
in culture (>2 weeks) were observed to lose pigmentation, de-differentiate and form a
confluent epithelial monolayer (see RESULTS, Figure 3.1A-C). Isolated differentiated
RPE cells maintained in culture for 2-5 days were identified by their dense pigmentation
and the presence of apical microvilli. Cultured cells were stained for the epithelioid cell
marker cytokeratin and were identified to be of rat RPE origin by positive staining for
RET-PE10 and RET-PE2 monoclonal antibodies, which recognize RPE-specific epitopes

(see RESULTS, Figure 3.2A-C) (Neill & Barnstable, 1990; Neill er al., 1993).

2. Immunofluoresence

Rat RPE cells were stained for cytokeratin, RET-PE2 and RET-PE10 protein
using the generalized protocol detailed in GENERAL METHODS (section 2). For
cytokeratins, the primary antibody was a mouse monoclonal anti-cytokeratin 8.13 (used
at a 1:100 dilution in PBS) and the secondary was anti-mouse IgG conjugated with
rhodamine at a dilution of 1:100 in PBS. For RET-PE2 and RET-PE 10 staining, the
primary antibody was anti-mouse RET-PE2 (used at a 1:30 dilution in PBS) or anti-

mouse RET-PE10 (used at a 1:10 dilution in PBS). The secondary antibody was donkey
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anti-mouse IgG conjugated with Cy2 at a dilution of 1:10 in PBS for both RET-PE2 and

RET-PE10.

3. G Protein Subtype Identification
3.1 Treatment of RPE celis with PTX

Pertussis toxin (PTX) is a bacterial endotoxin that inactivates G proteins of the G;,
G,, Gt and G, subtype by catalysing the ADP-ribosylation of cysteine residues at the GTP
binding site on the a subunit (Ui, 1990). This covalent modification prevents activation
of these G protein subtypes by inhibiting the exchange of GDP for GTP. To examine the
potential involvement of PTX-sensitive G proteins in the activation of ionic conductances
in RPE cells, freshly isolated RPE cells were cultured in DMEM for 2 days to ensure the
cells were healthy and adhered firmly to the coverslips. After 2 days, the DMEM was
removed and replaced with fresh DMEM containing 500 ng/ml of PTX. A control
coverslip from the same culture had fresh DMEM added without PTX. The cells were

then incubated at 37°C for 24 hr. prior to electrophysiological recording.

3.2 Scrape loading of RPE cells with G, antibodies

To load RPE cells with antibodies against G, subunits, cells were grown for 3-4
days in culture and then replated in 10 ug/ml of either Gaiorz, Gai-3, OF Ges antisera.
The Guayon: antibody used in these experiments was a rabbit polyclonal antibody raised
against a conserved sequence near the carboxy terminus of rat G,.. This antiserum is

cross reactive with all members of the G; family, but not other G, subunit proteins. The
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rabbit polyclonal Gai.3 antibody used was raised against amino acids 345-354 at the C-
terminus of rat Ggi.3. This antiserum is reactive with Gai.1, Gai-2 and Gei.3 , but not cross
reactive with other G, subunit proteins. Cells were loaded with antibodies using a
variation of the scrape loading technique of McNeil ez al. (1984). Replating is assumed
to be physically equivalent to scrape loading in that during the replating process transient
membrane pores are created through which antibodies can enter and gain access to the
cell interior.

To replate RPE cells and load them with antibodies, cells grown for 3-4 days in
culture were incubated with trypsin/EDTA for 5 min and then washed with an excess of
DMEM plus 10% NCS. The cells were then centrifuged at 5000 g for 5 min, washed,
resuspended and plated in 250 ul of DMEM/NCS containing 25ul of antibody solution

(100 pg/ml) to give a final antibody concentration of 10 ug/ml Resuspended cells were

allowed to replate onto glass coverslips for 12-14 hrs at 37°C in an incubator with an
atmosphere of 5%C02/95% O,. Control groups were: 1) cells resuspended in the absence
of antisera; 2) cells replated with 10 ug/ml of non-reactive monclonal antiserum against
glial fibrillary acidic protein (anti-GFAP) and 3) non-replated cells incubated with 10
ug/ml G, antiserum. Following electrophysiological recording, immunofluorescence
was carried out with a secondary antibody raised against rabbit immunoglobulins

conjugated with Cy3 to confirm G protein antibody loading.



67

3.3 Immunofluoresecence of G, subunits

Immunofluorescence detection of the anti- G, proteins was performed exactly as
described for rat RPE anti-cytokeratin staining (see Chapter 2 [GENERAL METHODS,
Chapter 2] and section 2, above), with the omission of the overnight incubation in
primary antibody. Replated RPE cells were also labeled with a nuclear Hoescht stain by
incubating fixed cells with Iml of Hoescht reagent (see GENERAL METHODS,

Chapter 2 ) for 20 min at RT. Cells were then rinsed 3XS5 min in PBS.

4. Electrophysiological Recording

4.1 Superfusion and Solutions

Cells, attached to glass coverslips, were placed in a shallow recording chamber
(volume 2 ml) and positioned on the stage of a Nikon inverted microscope. The recording
chamber was superfused with various perfusands, as previously described (see
GENERAL METHODS, Chapter 2). In this study, the standard extracellular solution
consisted of (in mM): NaCl, 130; KCI, 5; Na"-HEPES, 10; NaHCOs, 10; MgCl,, I;
CaCly, I; and glucose, 10 (solution A, table 1 in GENERAL METHODS). Replacement
of extracellular Na™ was accomplished using equimolar substitution with choline
chloride, TRIS-hydrochloride, N-methyl-D-glucamine (NMDG) chloride, or KCI
(solutions B-E, table 1 in GENERAL METHODS). When C|” was reduced in the
extracellular bathing medium, this was accomplished by equimolar substitution of CI’
with aspartate ions (solution F, table 1 in GENERAL METHODS). Extracellular calcium

was replaced by 0.2 mM CaCl; with 1.5 mM EGTA (solution G, table 1 in GENERAL
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METHODS). The extracellular calcium concentration with this substitution was
estimated to be <10 nM. Calcium concentration was calculated using a software program
based on the algorithm of Goldstein (1979 [provided by J. Kleinschmidt]). The standard
intracellular pipette solution consisted of (in mM): KCI, 140; HEPES (free acid), 20;
MgCl,, 1; CaCly, 0.4; EGTA, 1; ATP, 1; and GTP, 0.1 (solution L, table 1 in GENERAL
METHODS). Free Ca®” in the pipette solution was estimated at 100 nM. When low
chloride intracellular solutions were used, 140 mM KCl was replaced with 110 mM

K -aspartate and 30 mM KCI (solution J, table 1 in GENERAL METHODS). Low
chloride solutions were made K -free by substituting 100 mM Cs "-aspartate, 10 mM

Na -HEPES, and 30 mM NaCl for K -aspartate and KCl (solution K, table 1 in
GENERAL METHODS). The intracellular solution was made nominally Ca*"-free (<10
nM) by adding 0.1 mM CaCl; and 10 mM BAPTA (solution M, table 1 in GENERAL

METHODS).

4.2 Intracellular Dialysis of G Protein Analogues

To examine the actions of G proteins on ionic conductances in rat RPE cells we
examined the effect of substituting GTP in the pipette solution with various G protein
analogues. We first explored the effect of substituting GTP with 0.1 mM GTPyS. GTPyS
is a non-hydrolyzable GTP analogue that irreversibly activates G proteins. This GTP
analogue has been shown to activate a variety of ion channels when dialysed into cells by
inclusion in the pipette solution (Olivia ef a/, 1988; Parson & Hartzell, 1993). We also

investigated the effects of another non-hydrolyzable GTP analogue Gpp(NH)p (Allen &



69

Chapman, 1996; Parson & Hartzell, 1993). As with GTPyS, 0.1 mM Gpp(NH)p was
included in the pipette solution to allow dialysis directly into the cell cytosol.

Fluoroaluminate (AIF’;), as with the other nonhydrolyzable GTP analogues, has
proved to be a useful tool for the activation of heterotrimeric G proteins, as opposed to
the low molecular weight GTP binding proteins (Kahn, 1991). AIF; activates
heterotrimeric G proteins reversibly by binding to the GDP-bound form of G, and
mimicking the y phosphate of GTP. To confirm the type of G protein involved in GTPyS
and Gpp(NH)p-mediated activation of the NSC current we dialysed RPE cells with AlF .
The fluoroaluminate complex was formed in low chloride, K -aspartate (solution J, table
1 in GENERAL METHODS) or Cs -aspartate (solution K, table 1 in GENERAL
METHODS) intracellular solution, by the addition of 1 NaF and 25 uM AICl; or 10 mM
NaF and 100 uM AICls,

In addition to G protein activators, we also explored the effect of the G protein
inhibitor GDPJS on ionic currents in rat RPE cells. GDPS is a nonhydrolyzable GDP
analogue that competitively inhibits G protein activation by GTP and GTP analogues
(Shuba ez al, 1990). In our experiments, 2 mM GDPBS was substituted for GTP in the

pipette solution and dialysed directly into the cell cytosol.

4.3 Pharmacology of ionic currents in RPE

A variety of drugs were employed to examine the sensitivity of native and G
protein-activated currents in rat RPE cells to pharmacological blockade. Potassium
channel blockers (barium, 4-aminopyridine [4-AP], tetraethylammonium [TEA], and

quinine), the Na” channel blocker amiloride, the cation channel blocker, gadolinium and
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the gap junction blocker, octanol, were diluted from stock solutions into the extracellular

solution and superfused at concentrations cited in RESULTS.

4.4 Protein Kinase Inhibitors and Cyclic Nucleotides

To investigate the involvement of protein phosphorylation in the regulation of G
protein-activated nonspecific cation (NSC) current, RPE cells were pre-incubated (20
min) and superfused during electrophysiological recording with 4 different membrane
permeant protein kinase inhibitors: the non-specific kinase inhibitor, H-7; the PKC
inhibitor, GF 109203X; the CaM kinase II inhibitor, KN-93 and the MEK inhibitor, PD
98059, at the concentrations cited in RESULTS.

To determine the involvement of cyclic nucleotides in the G protein activated
NSC current in rat RPE cells, the cells were superfused with the membrane permeant
analogue of cGMP, dibutyryl cGMP (300 uM), or the membrane permeant adenylate
cyclase activator forskolin (50 uM) to generate cAMP. For these experiments, drugs
were superfused in low CI" (Na -asparate) external Ringers (solution F, table 1 in
GENERAL METHODS) with Cs-aspartate internal electrode solution (solution K, table
1 in GENERAL METHODS), used to block any K™ or CI" currents that could be activated

by the cyclic nucleotide analogues.

4.5 Electrophysiological Recording Techniques
We used the whole-cell patch clamp technique to measure currents in isolated
RPE cells using recording conditions as described previously (see GENERAL

METHODS section 3). Liquid junction potentials (LJP) between the bath and patch
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clamp electrodes were measured experimentally and confirmed using JPCalc software, as
previously described. All the data and current-voltage relationships shown have been
corrected for LJPs. The LJP using standard intracellular and extracellular solutions
(solutions A and H, table 1 in GENERAL METHODS) was 2.5 mV. In asymmetric low
chioride solution (solutions A and I, table 1 in GENERAL METHODS) the LJP was 9.7
mYV and when low chloride extracellular solution and Cs’- aspartate intracellular solution
(solutions K and F, table 1 in GENERAL METHODS) were used, the LJP was 4 mV.
Under experimental conditions where [Cl o or [CI])i, was varied, the LJPs were 2.5 mV
(solution F and I; solution A and I, table 1 in GENERAL METHODS) and 10 mV
(solution A and J, table 1 in GENERAL METHODS), respectively. In cation-substituted
extracellular solutions with Cs™-aspartate in the pipette, the LJPs were 15 mV (solution
B,C or D and K, table 1 in GENERAL METHODS) and 5 mV (solution E and K, table 1
in GENERAL METHODS). When low calcium solutions were used (solutions G and M,

table 1 in GENERAL METHODS), the LJP was 3 mV.

4.6 Permeability Ratios

The cation selectivity of the current being investigated in this study was
determined by substituting extracellular Na™ with other monovalent cations (see solutions
B-E above) and measuring the reversal potential of the current in these different cation-
substituted solutions. Permeability ratios (PB/PA) obtained for the current were based on
experimentally measured reversal potentials, and were calculated using the following
derivation of the Goldman-Hodgkin-Katz equation. The ratios are stated in the text as

permeability relative to Na":
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PB[B],
AV,=VB-V,A=58log  -—cmmem- )
PA[A],

where V; = reversal potential, A = Na"-containing extracellular solution, B = substituted

extracellular solution (see table 1 in GENERAL METHODS for solutions).

5. Materials

Cy2 and Cy3-conjugated IgG were obtained form Jackson ImmunoResearch
Laboratories (West Grove, PA, USA). RET-PE2 and RET-PE10 antibodies were a gift
from Dr. Colin Barnstable (Yale University, School of Medicine, New Haven, Conn,
USA). PTX, H-7, GF 109203X, KN-93, PD 98059, cGMP and forskolin were all
purchased from Calbiochem (LaJolla, California, USA). G protein a subunit antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz, California, USA). All other

chemicals were from Sigma Chemical Co (St. Louis, MO, USA).
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RESULTS

1. RPE cell culture and growth characteristics

Primary cultures of RPE cells were established from eyes of pigmented rats.
Isolated cells exhibited the typical phenotype that has been described for RPE cells in
primary culture (Wang e al, 1993; Mayerson ef al, 1984). Figure 3.1A shows a freshly
isolated RPE explant before mechanical dissociation. The characteristic hexagonal
morphology and heavy pigmentation of the cells is evident. Tirturation of the explants
yielded single RPE cells that were rounded with dense pigmentation, and in most cases,
prominent apical microvillous processes. RPE cells typically adhered to the coverslips
within 12 hrs. Figures 3.1B shows a phase photomicrograph of RPE cells grown in
culture for 3 days. These cells are representative of the type used for whole-cell patch
clamp recording experiments, such that at this time in culture they retained the general
morphology of RPE cells and are scattered with few contacts with neighboring cells. This
low-density culture allows for adequate space-clamp of cells as it avoids any
nonuniformity in voltage changes or errors in capacitive or whole-cell current
measurements which may occur with more confluent cultures (see below). Rat RPE cells
grown for longer periods in culture (>2 weeks) start to de-differentiate, flatten, lose their
ability to synthesize melanin granules and begin to form a continuous sheet of tightly
packed cells as they proliferate into confluent monolayers (Figure 3.1C). Although RPE

cells in vivo normally form a quiescent monolayer, they still retain their ability to divide
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Figure 3.1. Rat RPE cells in culture. (A) Phase-contrast photomicrograph of a freshly
dissociated rat RPE explant. Cells are tightly attached to each other, hexagonal in shape
and heavily pigmented. (B) Isolated RPE cells grown in culture for 3 days. These cells

are representative of those used for electrophysiological recording. (C) RPE cells grown

for 16 days in culture. Cells have proliferated, flattened, lost their pigment and formed a

confluent monolayer. Scale bars are equal to 10 um in (A) (B) and (C).



Figure 3.1
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and will do so if detached from the epithelium, as occurs under culture conditions or

following ocuiar trauma (Neill & Barnstable, 1990).

2. Identification of RPE cells

In addition to identifying RPE cells on the basis of their characteristic
morphology (see above), immunofluorescent detection for specific markers of rat RPE
cells in culture was also carried out. Antibodies to the intermediate filaments,
cytokeratins, were used to identify putative RPE cells in our primary culture. Figure 3.2A
demonstrates that RPE cells grown in culture for 10 days stain positive for cytokeratins
indicative that the cells were of epithelial origin. Antibodies to cytokeratins have been
used extensively as a means to identify cells with an epithelial phenotype as the presence
of cytokeratins is a defining feature of this cell type (Corwin & Gown, 1989). Rat RPE
cells have been demonstrated to expresses cytokeratins 8 and 18 as their sole intermediate
filament proteins (Owaribe ef a/, 1988) and antibodies to these proteins have been used as
markers of RPE cells both in tissue and cultured cells (Fuchs ef a/, 1991; Tao and Kelly,
1994). We used the broad-spectrum monoclonal antibody (anti-Cytokeratin 8.13), based
on its ability to bind a common epitope in a number of cytokeratins (including 8 and 18)
in cells of epithel:al origin (Corwin & Gown, 1989).

Cultured rat RPE cells were also identified on the basis of positive staining for
RET-PEI10 (Figure 3.2B) and RET-PE2 (Figure 3.2C). RET-PE2 and RET-PE10 are cell
surface antigens that can be used as specific markers for rat RPE cells in culture (Neill &

Barnstable, 1990; Neill et al, 1993). RET-PE2 labels a 50-55 kDa cell surface protein
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Figure 3.2. Imnmunocytochemistry of rat RPE cells in culture. (A) RPE cells grown in
culture for 10 days stain positive for cytokeratins, indicative of an epithelioid phenotype.

RPE cells in culture for S days also stain positive for the specific RPE cell markers RET-

PE10 (B) and RET-PE2 (C). Scale bar equals 20 um for panels A-C.
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exposed on the cell surface of the RPE that is expressed during embryonic development
and throughout the RPE at all ages. Similarly, RET-PE-10 also labels a cytoplasmic
polypeptide epitope (61 kDa ) that typically is expressed later in RPE maturation
(>postnatal day 9). In our primary cultures >90 % of cells at 5 days in culture were
labeled with either of the two antigens (Figure 3.2B and 3.2C), confirming their identity

as RPE cells.

3. Membrane properties and whole cells current in rat RPE
cells

Immediately after “break-in” to the whole-cell configuration under standard
recording conditions with 130 mM NaCl extracellular (solution A, table ! in GENERAL
METHODS) and 140 mM KCl intracellular solutions (solutions I, table 1 in GENERAL
METHODS), the average resting membrane potential of cultured RPE cells was — 47 +2
mV (n = 33). Values for cell capacitance, obtained directly from the capacitance
compensation circuitry from the amplifier, averaged 34 = 2 pF (n =100). These values for
average resting membrane potential and cell capacitance are comparable to those reported
in other studies for cultured mammalian RPE cells (Hughes & Steinberg, 1990; Strauf er
al, 1993; Strauf et al., 1994; Tao et al., 1994, Wen et al., 1993).

Figure 3.3 shows typical whole-cell current recordings made from rat RPE cells
2- 5 days in culture with standard 130 mM NaCl extracellular and 140 mM KCl
intracellular solutions. Under voltage-clamp conditions, the cells were held at -62 mV
and stepped from —122 to +58 mV in 20 mV increments for 500 ms. In >90% of cells, the
major outward current recorded was a time independent current which activated at

potentials positive to —40 mV. An example of this current recorded from a representative
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Figure 3.3. Whole-cell current in rat RPE cells. Whole-cell currents recorded from 3
representative RPE cells in standard 130 mM NaCl extracellular solution and standard
140 mM KCl intracellular solution, with the addition of 100 uM GTP. The voltage-clamp
protocol is shown at the top of the figure. (A) In this cell, whole-cell outward current (left
panel) is activated at potentials depolarized to the hoiding potential (V) of -62 mV, with
little inward current apparent at potentials hyperpolarized to Vi. The current-voltage (I-
V) plot for this cell (right panel), measured over 50 ms prior to the cessation of the
command pulse, is outwardly rectifying with current activated at potentials positive to
—40 mV. (B) In another RPE cell (left panel), inward current was produced in response
to hyperpolarizing voltage pulses with outward current activating at more positive
potentials. The I-V plot for the cell in B (right panel) shows inwardly rectifying current
between —122 and —62 mV and outwardly rectifying current activating positive to —40
mV. (C). Inward and outward whole-cell current was elicited in another RPE cell at
potentials hyperpolarized and depolarized to Vy, (-62 mV). The I-V curve for this cell
(right panel) shows that outward current activated at potentials positive to —50 mV and
showed time-dependent inactivation. Cell membrane capacitances were 24(A), 32(B) and

41(C). Dashed lines indicate the zero current potential in this and subsequent figures.



81

62 mV
-122
A. 600 pA .
/‘/
e
e i} . ) |
200 pA -150 mV 100 - -100
100 ms
B.
500 pA e
- e e . __./ ,
-150mv ? 100
— ‘/
e /
L ¥
100 ms -2000 -
C.
4000 pA
— l_.
o ./. \.
/ e
[ )
- -
AS0mV o 100
s ./.
liMpA ]
100 ms

Figure 3.3



82

RPE cell is shown in Figure 3.3A. The I-V curve for this cell is shown in the right panel.
In response to hyperpolarizing voltage commands little current is apparent, however, an
outward current activates at potential positive to — 40 mV and increases with increasing
depolarization. The amplitude of this outward current showed little decline during the
length of the depolarizing pulses. This current is similar to the delayed rectifying K~
conductance (Ixv) described for cultured RPE cells in a variety of other species (Wen,
Lui & Steinberg, 1993; Tao et al, 1994).

In 47% of RPE cells recorded from, inward current was recorded in response to
voltage steps to hyperpolarized potentials between —122 and -62 mV. Figure 3.3B shows
a representative RPE cell in which this hyperpolarization-activated inward current was
recorded. The inward current exhibited some time-dependent decay at the more negative
potential of -122 mV and slowly inactivating outward current when the membrane
potential was depolarized positive to the holding potential (V4= -62 mV). The I-V curve
for this cell shows an inwardly rectifying current that reverses around -62 mV and an
outwardly rectifying current that activates positive to -40 mV and increases with
depolarization. This current is characteristic of the inwardly (anomalous) rectifying K~
current (Ixir) described in other mammalian RPE cells (StrauP et a/, 1993; Tao et al,
1994).

In approximately 20% of the RPE cells recorded from, depolarizing voltage steps
positive to —62 mV evoked an inactivating outward current (Figure 3.3C). The I-V for
this cell illustrates that the current activates positive to —60 mV, reaches a peak and then

slowly declines over the length of the voltage step. A similar inactivating outward current
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has been described in cultured rabbit and turtle RPE cells (Tao eral, 1994; Fox &

Steinberg, 1992).

4. Characterization of outward current in rat RPE cells

4.1 K~ selectivity of the outward current

The whole-cell current recorded in rat RPE cells was found to be primarily
K™ -selective. Confirmation of the ion selectivity of the outward current was carried out
by examining the time- and voltage-dependent relaxations (tail currents) following
activation of the outward current in varying extracellular K™ concentrations. Tail currents
were recorded following activation of outward current by a 100 ms voltage step to +20
mYV followed by steps to potentials between —90 and 0 mV. Representative tail currents,
from a single RPE cell, recorded in 5 mM K extracellular solution at potentials between
-90 and — 40 mV are shown in Figure 3.4A and B. The mean (= SEM) reversals for tail
currents were -72+ 0.3, -37 + 2, and -26 = 2 mV when RPE cells were superfused with 5,
25, and 50 mM extracellular K~, respectively (n=3 cells each). A plot of the reversal
potential of the tail currents vs. extracellular [K'] is shown in Figure 3.4C. The least-
squares fit to the data has a slope of 47 mV per 10-fold change in extracellular K~
concentration, approaching the Nernst predicted value of 58 mV per 10-fold change in
extracellular K™ concentration. This suggests that these currents in cultured rat RPE cells

are largely carried by K™ ions.
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Figure 3.4. Outward current in rat RPE cells is K selective. (A) Representative tail
currents recorded at various potentials in standard 5 mM K~ extracellular following a
step pulse to +20 mV to activate outward current. (B) Expanded view of the tail currents
shown in panel A; tail currents reversed near — 70 mV for this cell (see arrow). The
voltage protocol for the current traces in A and B is shown at the top of the figure. (C)
Plot of the mean reversal potential of the tail currents versus extracellular [K'] (n=3 each
[K']). The slope of the line fitted by least squares is 48 mV per 10-fold change in

extracellular [K]. Error bars represent S.E.M. for this and all subsequent figures.
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4.2 Pharmacological blockade of outward K* current

The most frequently observed outward K~ current in rat RPE cells was a voltage-
and time-dependent outward current (Ix) which resembled the delayed rectifier K~ current
described in fresh and cultured RPE cells from a variety of amphibian and mammalian
species (Hughes & Steinberg, 1990; Strauf ef al/, 1993; Strauf et al., 1994; Tao et al,
1994; Wen et al., 1993). This type of K™ conductance has been shown to be sensitive to a
variety of traditional potassium channel blockers including, tetraethylammonium (TEA),
4-aminopyridine (4-AP) and barium (Baz’) (Hughes & Steinberg, 1990; StrauB er al,
1993; Tao et al, 1994).

In rat RPE cells, Ix was blocked (70 £ 8%, n = 3) by | mM 4-AP, and was
significantly reduced (42 + 4%, n=4) by S mM TEA. Figure 3.5A shows whole-cell
current traces obtained from a representative RPE cell before and after superfusion with 1
mM 4-AP. In this cell the outward K™ current was almost completely blocked by 4-AP
with little effect on inward current. Figure 3.5, panel B, shows the current-voltage plot for
the currents in panel A, before and after superfusion with 1 mM 4-AP. Also shown is the
difference current for the 4-AP-sensitive current, obtained by digital subtraction of the
4-AP blocked current from the control current. The 4-AP-sensitive current is
characteristic of Ik in that it activates at potentials positive to —50 mV and increases in

amplitude upon membrane depolarization.
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Figure 3.5. Pharmacological Blockade of Outward Current. Whole-cell patch-clamp
recordings from two representative cells showing the effect of | mM 4-aminopyridine
(4-AP, [A,B]) and | mM barium (C, D) on inward and outward currents in rat RPE cells.
The extracellular solution was standard 130 mM NaCl while the intracellular solution

was standard 140 mM KCI with the addition of 100 uM GTP (solutions A and I, table 1).
The voltage protocol is shown at the top of panel A. Cells had a whole-cell capacitance of
25 and 20 pF for panels A and B, respectively. Data were leak subtracted at 1.6 GQ for
panel A and not leak subtracted for panel B. 4-AP virtually eliminates the outward

current, while barium blocks the inward current (® control; O blocker (4-AP or barium);

A difference current).
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In 47% of the cultured rat RPE cells tested, inwardly rectifying current, which
resembles the inwardly rectifying K™ current (Ix;) described in cultured RPE cells from
other species (Strauf et a/, 1993; Tao et al, 1994), was also present (Figure 3.5, panel C).
In mammalian RPE (Strauf} ef al, 1993; Tao et al, 1994) and other cell types (Cook,
1988) Ix; has been shown to be sensitive to blockade by external Ba® ions. For the cell
shown in this figure, Ix; was abolished (>90% block) by | mM external barium leaving
only a leak conductance of 3 GQ. The current-voltage plot tor the control, Ba>~ block,
and difference currents is shown in figure 3.5, panel D. The Ba* -sensitive current shows
inward rectification at potentials negative to -82 mV, reverses at -78 mV (-73+2 mV,

n=3), and has a negative slope conductance between its reversal potential and -62 mV.

S. Effect of hydrolysis-resistant GTP analogues in Rat RPE

Cells

5.1 GTPyS-activated cation current

Whole-cell recordings made after introduction of the non-hydrolyzable GTP
analogue, GTPYS (100 uM) into the cytoplasm of cultured rat RPE cells, indicated the
activation of a large non-inactivating current. Figure 3.6, panel A shows macroscopic
currents recorded from a cell 1 minute after assuming the whole-cell configuration with
extracellular standard 130 mM NacCl (solution A, table 1 in GENERAL METHODS) and

low chloride, K™ -aspartate solution (solution J, table 1 in GENERAL METHODS) with

100 uM GTPyS in the pipette. The asymmetric low chloride solutions were used to
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Figure 3.6. GTPYS activates a cation current in rat RPE cells. (A,B) Patch-clamp
recording from a representative cell (whole-cell capacitance of 42 pF) taken 1 minute
after assuming the whole-cell configuration. The voltage protocol is shown at the top of
the figure. Data were not leak subtracted. The extracellular solution was standard 130
mM NaCl (solution A, table 1) while the intracellular solution was 110 mM K -aspartate
(solution I, table 1) with the addition of 100 uM GTPYS. Outwardly rectifying potassium
current is present in this cell. (B) Same cell as shown in panel A, 15 minutes after
assuming the whole-cell configuration. Large inward and outward current is apparent.
(C) Current- voltage plot for the traces shown in (A) for 1 (M) and 15 min (O) after
break-in. The GTPyS-difference current (A) was calculated by subtracting current at 1
min from those recorded at 15 min. The activation of a cation current reversing at

potential positive to Ex is apparent. Current has been normalised for cell capacitance.
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differentiate between chioride currents reversing at a potential of -38 mV from cation
currents reversing at more positive potentials. Figure 3.6C shows the current-voltage plot
for the whole-cell currents shown in panel A and demonstrates that, immediately after
break-in, the cell exhibits outwardly rectifying current at potentials depolarized to — 40
mV. This current resembles the outward K™ current that is most predominantly seen in
our cultured rat RPE cells under control conditions in the absence of GTPYS (see Figure
3.3A). Figure 3.6, panel B shows currents recorded from the same cell 15 minutes after
break-in with GTPYS in the pipette. Large non-inactivating currents are apparent at
potentials hyperpolarized and depolarized to the holding potential (Vy=-69 mV). The
current-voltage relationship for the current measured at 15 min post-break-in and the
GTPyS-activated current, obtained by subtracting control current at 1 min after break-in
from current at 15 min after break-in, are shown in Fig. 3.6C. The GTPyS-activated
current is linear and reverses at 0 mV, suggesting that GTPYS activates a cation
conductance in rat RPE cells. In 20 other cells the mean reversal potential of the
GTPyS-activated current was 2.9+ 2 mV.

In RPE cells cultured for 2-5 days, the GTPyS-activated current occurred in 76 %
within a 15-minute period following cytosolic introduction of GTPYS. In contrast, the
GTPyS-activated current was rarely seen in cells cultured for more extended periods of
time (>5-7 days in culture). This suggests that expression and regulation of the channels
giving rise to the GTPyS-activated current may be altered in RPE cells proliferating in
culture. Changes in ion channel expression for rat RPE cells in culture has been
previously described and suggests that there may be a qualitative change in the electrical

properties of RPE cells maintained in culture (Botchkin & Matthews, 1994; Ueda &



Steinberg, 1993). Thus, data shown in subsequent figures represents recordings made
only from cells within the first 2-5 days in culture. At this time in culture, the majority of
cells have not yet begun to proliferate and remain rounded and heavily pigmented (see
Figure 3.1B). In many cases, truncated microvillous processes were still apparent on the

apical cell surface.

5.2 Effects of other G protein analogues

Like GTPYS, another hydrolysis-resistant GTP analogue Gpp(NH)p (100 uM),
also activated a cation current in 7 cells tested. The Gpp(NH)p-activated current had a
comparable time-course of activation and was similar in magnitude to the GTPyS-
activated current. To confirm the specificity of the GTPyS and Gpp(NH)p effects, we
also tested the effects of GTP and GDPS, a hydrolysis-resistant guanine nucleotide that
does not activate G proteins. Figure 3.7 shows the time-course for currents recorded in
four representative cells using standard extracellular 130 mM NaCl (solution A, table 1 in
GENERAL METHODS) and K -aspartate intracellular solution (solution I, table 1 in
GENERAL METHODS) containing either GTP, GTPYS, Gpp(NH)p or GDPS,
respectively. Currents were measured every 20 seconds following 100 ms voltage steps to
+51 and -129 mV. Neither GTP nor the inactive GDP analogue, GDPRS, elicited any
change in the outward or inward currents. However, GTPyS and Gpp(NH)p induced
similar increases in both outward and inward currents within 5 minutes of break-in. The
mean activation time for the GTPyS- and Gpp(NH)p-activated currents measured in 14

and 7 cells, respectively was 5.7 + 0.9 and 6.0 + 1.5 minutes.
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Figure 3.7 Time course for the activation of the cation current by GTPyS and
Gpp(NH)p. Current was measured every 20 seconds from V= -69 mV using 100 ms
pulses to +51 and -129 mV. Four separate representative cells are shown for intracellular
solutions containing the addition of either 100 uM GTPyS, Gpp(NH)p, GTP, or GDPBS
to a K’ aspartate pipette solution (solution I, table 1). The extracellular solution in all
cases was standard 130 mM NaCl (solution A, table 1). The whole-cell capacitances were
24, 30, 38, and 12 pF for GTPyS-, Gpp(NH)p-, GTP-, and GDPBS-containing cells,
respectively. Neither GTP nor the inactive GDP analogue GDPRS elicited any current

change, while GTPyS and Gpp(NH)p activated a cation current.
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Peak current amplitudes measured for GTPyS- and Gpp(NH)p-activated currents
were 156 + 22 and -313+ 50 pA/pF (n =32) and 95 = 20 and -240 = 43 pA/pF (n=7) for
command potentials of +51 and -129 mV. Respectively, these values were significantly
greater then those measured for cells dialysed with either GTP or GDPBS. In some cells
a small decline was observed in the GTPyS-and Gpp(NH)p-activated current in the 10-15
minutes following activation, however once activated, the whole-cell current did not
return to values measured immediately after break-in. The mean reversal potential of the
whole-cell current in rat RPE cells measured 1 and 15 min after break-in was shifted
from -38 + 5t0-3.8 + 2 mV in 7 cells superfused with Gpp(NH)p suggesting that like,
GTPyS, this non-hydrolyzable analogue also activated a cation current. The mean
reversal potential of the whole-cell current was unaffected by intracellular dialysis with

GTP or GDPSS.

6. Sensitivity of the cation current to pharmacological blockade

We attempted to determine if inward and outward rectifying K~ currents were still
present or were suppressed by GTPyS either prior to or following GTPyS-activation of
the cation current. For the cell shown in Figure 3.8A GTPyS activated a cation current
which reversed at -2 mV. Subsequent application of S mM extracellular Ba*” produced a
small reduction in both inward and outward current. The Ba®"-difference current,
obtained by subtracting the whole-cell current obtained in the presence of Ba>” from the

current prior to Ba®~ exposure, revealed an inwardly rectifying K™ current and a small
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Figure 3.8. GTPyS may enhance an inwardly rectifying K™ current. Current-voltage
plot (A) for the GTPyS-activated cation current in a representative RPE cell measured at
15 min after break-in (@) and after 10 min superfusion with S mM Ba®” (A). The
extracellular solution was low CI” (solution F, table 1) while the intracellular solution was
110 mM K -aspartate (solution I, table 1). The Ba® difference current (G ) revealed a
small outward K™ current and an inwardly rectifying K™ current that was increased 65%
over initial values recorded immediately after attaining the whole cell configuration. (B)
Quinine, amiloride and gadolinium do not block the GTPyS-activated cation current.
GTPyS-activated current (mean = S.E.M.) measured at -129 mV and +51 mV before and
after 15 minutes of superfusion with 0.5 mM quinine (a), 0.1 mM amiloride (b) or 0.1

mM gadolinium (c).
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outward K™ current. The inward K~ current was increased by 65% over values recorded
immediately after attaining the whole cell configuration. This suggests that K~ currents
were still present following GTPYyS dialysis and that GTPyS may enhance inwardly
rectifying K™ current in rat RPE cells.

Other agents tested included; the K™ channel blocker quinine (0.5 mM), which has
also been reported to inhibit NSC currents in some cell types (Gogelein & Pfannmuller,
1989); the epithelial Na™ channel blocker, amiloride (100 uM) which in addition to a
variety of effects on ion channels and exchangers also blocks NSC channels: and the
inorganic ion, gadolinium (100 uM) which is purported to be one of the most effective
blockers of NSC channels available (Heschler & Schultz, 1993). None of these
compounds was effective in significantly reducing the GTPyS-activated cation current
measured at +51 mV and -129 mV in 4-7 cells tested (see Fig. 3.8B). However, quinine
slightly reduced currents measured at 0 mV (13 5 %, n=5), a potential at which outward
K" currents would be apparent but little cation current would be present.

We also explored the possibility that activation of the cation current may be
mediated via opening of gap junction hemichannels in isolated RPE cells. /n vivo,
hemichannels (connexons) on adjacent RPE cells are organised to form intercellular
channels between neighbouring RPE cells which are known as gap junctions. Gap
junctions allow RPE cells to be coupled both electrically and metabolically via the
diffusion of small hydrophilic molecules (cGMP, cAMP) and inorganic ions (Na", K~ &
Ca®) intercellularly. Under physiological conditions gap junction communication in a

variety of cell types has been shown to modulated via second messenger-mediated
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phosphorylation of connexons (Loewenstein, 1985; Mikalsen ef al, 1995). Recently, it
has been proposed that inhibition of gap junction permeability in cultured rat RPE
monolayers may involve PKC activity (Stalmens & Himpens, 1997b). It is not known
however, if putative hemichannels (connexons), connecting the cytoplasm and the
extracellular space in isolated RPE cells in vitro, are able to open under certain conditions
in response to extracellular and/or intracellular signaling molecules. To test the
hypothesis that the NSC current may be mediated by flow through hemi-gap junctions we
first activated the current with GTPyS and then superfused the cell for a further 15 min
with 0.5 mM octanol. Octanol and other long-chain aliphatic alcohols have been
demonstrated to uncouple gap junctions in a variety of cell types (Deleze & Herve, 1983;
Pott & Mechmann, 1990), including RPE (Stalmens & Himpens, 1997a). The amplitude
of the GTPYS -activated cation current measured at +51 and =129 mV in 4 cells 15 min
post-break-in (94 £27 and —220 £ 42 pA/pF) was not significantly affected by external
superfusion of the cells with octanol for 15 min (68 = 10 and —186 = 30 pA/pF). The
small decline in current amplitude after 15 min superfusion with octanol was probably
representative of the normal amplitude decrease that is observed for this current
following long periods of activation (see section 5.2). The inability of octanol to
significantly affect the NSC current suggests that nonselective ion flow through putative
hemi-gap junctions in isolated RPE cells does not underlie the current activated by

GTPyS.
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7. Ion Selectivity of the GTPyS-activated Cation Current

7.1 Non-specificity of the cation current

To investigate the ionic selectivity of the GTPyS-activated current for monovalent
cations, we used intracellular and extracellular solutions designed to minimise CI’
conductance and obliterate K™ currents. Figure 3.9, panel A shows currents recorded in a
cell with Cs -aspartate intracellular solution (solution K, table 1 in GENERAL
METHODS) plus 100 uM GTPYS and Na’- aspartate bathing solution (solution F, table 1
in GENERAL METHODS). Under these recording conditions, initially very little whole-
cell current is apparent (Fig. 3.9, panel A). Current recordings made at 15 minutes after
break-in (Fig. 3.9, panel B), however show that cytosolic superfusion of the cell with
GTPYS, as before, activates a large non-inactivating conductance. Figure 3.9, panel C
shows the I-V relationship for the currents shown in panels A and B and the
GTPyS-difference current obtained from digitally subtracting currents in A from B. The
linear I-V characteristics and positive reversal potential of this current (+5.7 = 1.4 mV, n
= 18), under conditions where contributions from K~ currents and chioride currents are

reduced, identifies the GTPyS-activated current as a non-specific cation (NSC) current.

7.2 Anion permeability
Further confirmation that the GTPyS-activated current was not permeable to
anion, was obtained by examining the amplitude and reversal potential for the induced

current under experimental conditions where [ClJou (solutions A and F, table 1 in

GENERAL METHODS) or [Cl ], (solutions J and L in GENERAL METHODS)



Figure 3.9. The GTPyS-activated current is a NSC current. Whole-cell from a representative
RPE cell recorded 1 (A) and 15 (B) min after break-in with low chloride, K -free cesium
aspartate intracellular solution containing 100 uM GTPYS (solution K, table 1). The extracellular
solution was Na" aspartate Ringers (solutions F, table 1). The whole-cell capacitance was 33 pF.
Data were not leak subtracted. (C) Current-voltage plot for whole-cell currents in A (l) and the
GTPyS —difference current (Z). The current activated by GTPyS is a NSC current since it was

still activated in K -free and low CI” conditions and reverses close to O mV.
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was varied. Reduction of extracellular [CI] from 140 mM to 40 mM did not significantly
affect the amplitude of the GTPyS-induced current measured at +51 mV (75+2 pA/pF in
140 mM [Cl'Jow and 77£4 pA/pF in 40 mM [Cl]ow) in 7 cells tested (Fig. 3.10, panel A).
Figure 3.10, panel B, shows the measured reversal potential of the GTPyS-activated
current plotted against the theoretical Ec;. The least-squares best fit of the data
(continuous line) has a slope of 0.007. Also plotted (dashed line) is the relationship for a
CI'-selective current with a slope of 1. Thus, the GTPyS-activated conductance appears
relatively impermeable to CI ions, since neither the amplitude nor the reversal potential

of the current is significantly affected by alterations in the CI” concentration gradient.

7.3 Cation selectivity of the GTPyS-activated current

We then investigated the cation selectivity of the GTPyS-activated cation current
by substituting Na~ in the extracellular solution with other monovalent cations. Figure
3.11 panel A shows current-voltage plots for currents recorded in a representative cell in
130 mM NaCl extracellular solution (solution A, table 1 in GENERAL METHODS) with
100 mM Cs -aspartate solution in the pipette (solution K, table 1 in GENERAL
METHODS). Substitution of extracellular Na~ with TRIS, or NMDG (solutions B-E,
table | in GENERAL METHODS) shifted the reversal potential of the NSC current to
more negative potentials and reduced the current amplitude measured at -40 mV (Ec, =
-38 mV for the solutions used) from -411 pA/pF to -162 pA/pF and -60 pA/pF for TRIS
solutions and NMDG solutions, respectively. Figure 3.11 panel B is a bar graph

summarising the mean reversal potentials measured from 4-11 cells in the different



Figure 3.10. The GTPyS-activated cation current is anion impermeable. (A) The
amplitude of the cation current was measured at +51 mV in 7 cells with standard
intracellular recording solution (solution H, table 1) and in extracellular solution in which
[Cl'Jow was altered by substitution with aspartate (solutions A and F, table 1). The current
amplitude was not affected by reduction in the external [Cl] from 140 mM to 40 mM.
(B) The reversal potential of the GTPyS-activated current was measured in 23 cells in
which [CI};n or [Cl']ou Was altered by substitution with aspartate (solutions A,F,J, table 1)
and plotted against the theoretical Ec;. The least-squares fit of the data (continuous line)
had a slope of 0.007 corresponding to a 4.8 mV per 10-fold change of [C]]io/[C] Jou. The

dashed line has a slope of 1, predicted for a Cl'-selective current.
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Figure 3.11. Cation selectivity of the GTPyS-activated current. (A) Representative
current-voltage curves for a rat RPE cell showing the effect of replacement of Na~ in the
extracellular solution by several monovalent cations on the GTPyS-activated current. The
voltage protocol for the 150 mM Na" trace is the same as that shown in Figure 3.6 while
the protocol for the remaining traces is shown at the top of the panel. Data were not leak
subtracted. The recording electrode contained solution J (table 1) with GTPYS substituted
for GTP. Current magnitude and reversal potential were altered by substitution of all but
10 mM of 150 mM extracellular Na™ (solution A, table 1) with either choline, TRIS, or
NMDG (solutions B-D, table 1, respectively). (B) Mean + SEM reversal potential

measured for (n) cells in the above solutions containing intracellular GTPyS.
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cation-substituted extracellular solutions. Permeability ratios (relative to Na~ and shown
in parenthesis) for K™ (1.07), choline (0.51), TRIS (0.42) and NMDG (0.34) were
calculated using equation (2) (see METHODS). Thus, the permeability sequence for the

rat RPE NSC channel is K™ = Na"™>> choline > TRIS > NMDG.

7.4 Effects of extracellular Ca**

Nonselective cation channels described in other cell types have been found to fall
into two groups with respect to their Ca*”~ permeability: those which are impermeable to
Ca®" (Rea & Levis, 1984; Lipton, 1986) and those with varying degrees of Ca~
permeability (Petersen & Maruyama, 1983; von Tschamner et al, 1986). Permeability of
the NSC channel in rat RPE cells to divalent cations was not investigated, however,
reduction of extracellular Ca?” concentration from 1 mM to < 10 nM (solution G, table 1
in GENERAL METHODS) did not significantly alter the amplitude of the
GTPyS-activated current nor the mean reversal potential. These results indicate that

extracellular Ca®” is not required for activation of the GTPyS-activated NSC current.

8. Role of [Ca ** |; and PTX-Sensitive G Proteins in NSC

Current Activation

8.1 Involvement of intracellular Ca’**and ATP in NSC current activation
Many NSC channels are sensitive to activation by second messengers such as
cytosolic Ca®". In a variety of cell types, including other epithelia (Gogelein & Greger,

1986), NSC channels have been described whose activation is dependent upon elevations
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in intracellular Ca % (Partridge & Swandulla, 1988). We tested the involvement of
[Ca®’]; in the activation of the NSC current in rat RPE cells by dialysing cells with
GTPyS in 10 mM BAPTA pipette solution (solution M, Table 1 in GENERAL
METHODS, free Ca®** <10 nM) and nominally Ca*"-free (solution G, table 1 in
GENERAL METHODS) bath solution. Under these conditions, GTPYS still activated the
NSC current in 57 % of the cells (4/7) examined. The GTPyS-activated difference current
recorded in low Ca’" conditions had a mean current amplitude of -113 = 40 pA/pF at -129
and 40 £15 pA/pF at +51 mV (n=4), which was significantly (p<0.05) reduced compared
to the GTPyS-activated difference current recorded at —-129 mV (-278 = 29 pA/pF) and
+51 mV (113 = 11 pA/pF ) in 29 cells with standard pipette solution ([Ca® iy 107 M).
Figure 3.12A shows the I-V plot for the mean GTPyS-activated difference current in
standard and low Ca®>" /BAPTA intracellular recording solution. The current amplitude of
NSC current was reduced at all potentials when the [Ca ?"]; was reduced to less than 10
nM. The reversal potential of the NSC current activated in low [Ca *']; (72 mV)
however, was not significantly different from the NSC current activated under control
conditions (2 £ 1.4 mV). Thus, while it did not appear that an increase in [Ca’ J;, was
required for activation of the NSC current by GTPYS, the significant decrease in current
amplitude under low Ca®” conditions suggests that intracellular Ca®>~ may play some
regulatory role in modulating current activity.

Since some NSC channels are sensitive to the modulatory effects of internal ATP
(Rae et al., 1990), we also investigated whether exclusion of ATP (10 M) from the

pipette solution affected the magnitude of the NSC conductance in rat RPE cells. In the 3



111

2
+li

Figure 3.12. Involvement of [Ca in NSC current activation. (A) Mean current was

unaffected by decreased [Ca®" ], but the current amplitude was significantly decreased.
Current-voltage plot for the GTPyS -difference current (+ S.E.M) was recorded in
standard extracellular 130 mM NaCl solution (solution A, table 1) and intracellular 110
mM K -aspartate solution (solution J, table 1) (O; n=29) or in nominally Ca*" free
extracellular (solution G, table 1) and intracellular solution (solution M, table 1) (A;
n=4). All currents have been normalized for cell capacitance. V,.. of the NSC current was

unaffected by decreased [Ca’" i, but the current amplitude was significantly decreased.
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cells tested the GTPyS-activated NSC conductance was not significantly affected by

exclusion of ATP from the pipette solution.

8.2 Activation of the NSC current by fluoroaluminate

Fluoroaluminate (AIF"4), as with the nonhydrolyzable GTP analogues, has proved
to be a useful tool for the activation of heterotrimeric G proteins as opposed to the low
molecular weight GTP binding proteins (Kahn, 1991). To confirm the type of G protein
involved in GTPyS and Gpp(NH)p-mediated activation of the NSC current we dialysed
RPE cells with AlFs. In 20 cells tested, inclusion of NaF (1 mM) and AICl; (25 uM) in
either Cs’- aspartate (solution K , table 1 in GENERAL METHODS) or K "-aspartate
pipette solution (solution J, table 1 in GENERAL METHODS) containing Mg?", failed to
activate a sustained cation current. However, increasing the concentration of NaF to 10
mM and AICi; to 100 uM, resulted in activation of a large conductance in 5 cells tested.
Even at the higher concentration however, AlF; did not appear as effective as GTPYS, as
the NSC current was activated in only 33% (5/15) of the cells dialysed with AIF’;. The
AlF ;-activated current, shown in Figure 3.13 panel A, had properties similar to the
GTPyS-activated cation current, although the activation of this current was somewhat
delayed (10.8+ 1.4 min; n=5) with respect to that seen with GTPYS in the pipette (5.7+
0.9 min; see Figure 2.7). This delay in activation may reflect the time required to form an
adequate concentration of the active AlF 'y complex from its inactive components (NaF
and AICl; ). Figure 3.13 panel B shows that the AlF 4-activated current had a linear I-V

relationship and the current reversed close to 0 mV (-1.1 + 0.4 mV; n=5). The mean



114

Figure 3.13 Fluoroaluminate activates the NSC current. (A) Whole-cell current
recorded in a rat RPE cell with K™ aspartate pipette solution (solution J, table 1) and 130
mM NaCl bathing solution (solution A, table 1). Dialysis of the cell interior with 10 mM
NaF and 100 uM AIClI; activated both inward and outward current at 9 min after breaking
into the whole-cell recording configuration. (B) I-V relationships for the fluoroaluminate-
difference current obtained immediately after turn-on (O), and 10 min later (A) for the
cell shown in panel A. Fluoroaluminate activates a large current 10 min after break-in
that reverses at 0 mV and has similar I-V characteristics to the GTPyS-activated NSC
current (O). The amplitude of NSC current activated by fluoroaluminate declined over a

10 min period following its activation (A). The capacitance of the cell shown is 22 pF.
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current amplitude of the AlF ;-activated current, measured 15 min after break-in at +51
(60 =£13) and —129 mV (-133+ 37), was slightly reduced and tended to decline much
more rapidly in the 10-15 min following activation, as compared to the GTPyS-activated
cation current. In one cell, activation of the NSC current by AIF s was completely
reversed within 15 min. These observations may reflect the rapid, reversible nature by
which AIF; activates G proteins, as compared with the essentially irreversible effects of
GTPyS (Higashijima ez a/, 1987 & 1991; Kahn, 1991).

These data do indicate however, that in the presence of an adequate concentration
of NaF, AIF’y; mimics the effects of GTPYS in activating the NSC current in rat RPE cells.
This finding is consistent with previous findings demonstrating activation of G, subunits
by AlF’; (for review see Rodbell, 1992, also Higashijima et al., 1991), and further
implicates the involvement of heterotrimeric G proteins in the regulation of the NSC

current.

8.3 Sensitivity of the GTPyS-activated NSC current to PTX

Different G proteins can be distinguished by their susceptibility or insensitivity to
pertussis toxin (PTX) inactivation. The toxin inactivates G proteins by catalyzing the
ADP-ribosylation of the a subunit of G proteins (Ui, 1990). Members of the Gi /G,
family are sensitive to PTX, whilst members of the G, and G, family are insensitive to
PTX modification. We investigated whether activation of the NSC current in RPE cells
was mediated via a PTX-sensitive or PTX-insensitive G protein by incubating cells with

PTX (500 ng/ml) for 24 hours before recording. In all PTX-treated cells tested (n=6),
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Figure 3.14. PTX blocks the activation of the GTPYS current. Mean (= SEM) current
amplitude measured at +51 mV and -129 mV (n=6) in cells pre-treated for 24 hrs with
500 ng/ml of PTX indicates that GTPYS failed to activate the NCS current. In control
cells without PTX treatment GTPYS activated an NSC current with a comparable
amplitude at +51 mV and -129 mV to the currents previously recorded in other cells

(n=14). The mean (=SEM) for all control cells were compiled (n=16).
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GTPyS failed to activate the NSC current (Fig.3.14), suggesting that the G protein
involved in the activation of the NSC current is of the G; /G, class. In another 2 cells
tested from the same culture, but without PTX-pre-treatment, GTPyS-activated the NSC
current and the activated current had comparable amplitudes (-282 and -296 pA/pF at
-129 mV and 122 and 158 pA/pF at +51 mV) to the current recorded previously in other

cells (see above section 5.2).

9. Investigation of the PTX-sensitive G, subunit involved in

NSC current activation

9.1 Morphology of scrape loaded RPE cells

As previously reported (see Figure 3.6), the introduction of the non-hydrolyzable
GTP analogue GTPyS (0.1 mM) into the cytoplasm of cultured rat RPE cells activates a
NSC current. In this study, in order to investigate the PT X-sensitive G protein involved
in NSC current activation, cultured RPE cells were scrape loaded with antibodies to G
protein o subunits. This scrape loading technique required that the RPE cells be
harvested from the coverslips using trypsin and then replated for culture in the presence
of o subunit antisera.

Replated RPE cells, scrape loaded with G protein antisera, attached readily to
coverslips within 2-4 hrs of trypsinization and mechanical dissociation and within 12
hrs. resume their normal morphology. Most of the replated cells remained rounded and
retained their pigmentation ( see Figure 3.15A). Long-term viability in culture was
unaffacted by scrape loading RPE cells, and if left for >12 days the cells formed a

confluent monolayer, like those described for control cells (see section 1). Scrape loaded
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RPE cells also exhibited whole-cell currents similar to those observed in non-replated
cells (see below section 9.3). No difference was noted between the plating efficiency,
morphology or electrophysiological characteristics of RPE cells scrapeloaded with

antibodies compared with control cells replated in the absence of antisera.

9.2 Immunofluoresence of scape loaded G, subunits

Immunofluorescent detection confirmed that all cells replated with G, antisera
that had reattached to the coverslips appeared to contain antibody, indicative of a loading
efficiency approaching 100%. Similar loading efficiency has been reported for other
cultured mammalian cells scrape loaded with antibodies (McNeil et al,1984; Ortiz ef al,
1987). Figures 3.15C and D show the phase and fluorescent images for representative rat

RPE cells in culture 18 hrs after being scrape loaded with 10 pg/ml of anti-Gg yovz, the
antibody directed against all PTX-sensitive G protein o subunits. Cells were double

labelled for the G protein antibodies and a nuclear Hoescht stain. Cells were uniformally
fluorescent throughout the cytoplasm of the RPE cells, but labeling tended to be excluded
from the nucleus. No staining above background levels was observed in control RPE
cells that were replated in the absence of antisera (Figure 3.15 B). Control cells did
however, stain for the nuclear Hoescht stain indicative of the specificity of the G protein
labelling. Similarily, other cells scrape loaded with anti-GFAP or non-replated controls

also did not fluoresce above background (data not shown).
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Figure 3.15. Inmunoflourescent detection of scrape loaded G, subunits. (A) Phase-

photomicrograph of RPE cells 18 hrs after being replated in the absence of antisera
(replated control). (B) Fluorescent image of cells shown in panel A. The nuclei of the
cells are brightly stained with Hoescht reagent. No staining was observed for G protein
antisera. (C) Phase-photomicrograph of RPE cells 18 hrs. after being scrape-loaded with

anti-Gq iion2. (D) Flourescent image of cells shown in panel C doubled labelled for G

protein a subunits and nuclear Hoescht stain.
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Figure 3.15
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9.3 Whole-cell currents in replated RPE cells

Figure 3.16A shows macroscopic currents recorded from a representative RPE
cell replated in the absence of antibody, 1 and 15 min after assuming the whole cell
configuration, in 130 mM NaCl and low chloride K -aspartate solution with 0.1 mM
GTPYS in the pipette. Inmediately after break-in, the cell exhibits outwardly rectifying
currents that resemble K™ currents observed under normal conditions in the absence of
GTPYS (see Results, Figure 3.3). However, 15 min after break-in, large noninactivating
currents are apparent (Figure 3.16B) at potentials hyperpolarized and depolarized to the
holding potential (-69 mV). The activated current was present in 76 % of replated cells
tested within a 15 min period following cytosolic dialysis with GTPyS. The current-
voltage relationship shown in Figure 3.16 for the GTPyS-activated current, obtained by
subtracting control current at 1 min after break-in from current at 15 min after break-in, is
linear and reverses in this cell near 0 mV in standard recording solution. Thus, the
replating technique does not affect whole-cell currents in rat RPE cells or the ability of
GTPyS to activate the NSC current.

Figure 3.17A, B and C show macroscopic currents from representative cells
loaded with anti- Gus (A), Gaiovz (B) or Geis (C), under the same recording conditions
as replated control cells. As observed in control cells, both inward and outwardly
rectifying currents were recorded 1 min after assuming the whole-cell configuration in all
antibody-loaded cells (Figure 3.17A-C; left panel). Inthose RPE cells loaded with anti
Gas, GTPyS- activation of the NSC current occured in 74% of the cells tested (n=7) by
15 min after break-in (Figure 3.17A; right panel). In contrast, 15 min after break-in

activation of the NSC current was observed in only 11% of the anti G i/
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Figure 3.16. NSC current activation in replated RPE cells (A) Patch clamp recording from a
representative replated RPE cells taken | (left) and 15 min (right) assuming the whole -cell
configuration, in standard 140 NaCl extracellular solution and K -aspartate intracellular solution
with 0.1 mM GTPYS in the pipette. The voltage protocol is shown at the top of the figure. (B)
Current-voltage plot for the traces shown in (A) for 1 (@) and 15 min (M) after break-in. The
GTPyS — difference current (4) was obtained by subtracting current at I min from that recorded at

15 min. Replating has no effect on the activation of the NSC current.
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Figure 3.17. G, i3 antibodies abolish NSC current activation. Whole-cell currents
recorded from three representative RPE cells loaded with anti-G.. (A), anti- G. yo., (B) or
anti- Ggi3 (C). Currents were recorded 1 and 15 min after assuming whole-cell
configuration in standard recording solutions, with 0.1 mM GTPYS in the pipette. (D)
Mean (+ SEM) amplitude of the difference current (current at 15 min — current at 1 min)
in control RPE cells (cpen bar), RPE cells loaded with anti-GFAP (crosshatched bar),
anti-G,s (horizontal striped bar), anti- G. vov: (vertical striped bar) or anti-G, ;.3 (closed
bar) (*p<0.05). Current was measured at the end of a 500 ms step to +51 mV from Vj,= -

69 mV, and has been normalized for cell capacitance.
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treatment group (n=9; Figure 3.17B; right panel), and the NSC current was not activated
by GTPYS in any cells loaded with G 4.3 (n=6; Figure 3.17C; right panel).

The GTPyS-activated NSC current in control cells had a mean current amplitude
at +51 mV of 174 = 37 pA/pF (replated control; n=17) and 233 + 62 pA/pF (anti-GFAP;
n=5) 15 min after break-in. Similarily, in RPE cells loaded with anti-Gs , the GTPYS-
activated current measured at +51 mV had a mean current amplitude of 309 = 109 pA/pF
(n=7) at 15 min after break-in. In contrast, current measured 15 min after break-in at +51
mV in RPE cells replated with anti-Gq i/ov- Or anti-Gq i.3 had a mean current amplitude of
40 = 29 pA/pF (n=9) and 9.9 = 2 pA/pF (n=6), respectively (Figure 3.17 D). These
results confirm that a G protein of the G; subtype is involved in the activation of the

NSC current in rat RPE cells.

10. Involvement of Protein Kinases in Current Modulation

Figure 3.18A shows the time course for currents recorded in a control cell and 4
other representative cells, following pre-incubation and superfusion with the protein
kinase inhibitors H-7, GF 109203X, KN-93 or PD 98059. H-7 is an
isoquinolinesulfonamide that, at the concentration used in this study (100 uM), is known
to be a nonselective inhibitor of a number of protein kinases including: protein kinase C
(PKC), cAMP-dependent protein kinase, myosin light chain kinase and cGMP-dependent
protein kinase (Hidaka ef a/, 1994). The bisindolylmaleimide GF 109203X is a selective
inhibitor for PKC and inhibits PKC in intact ceils at low micromolar concentrations

(Toullec er al., 1991). Similarly, at micromolar concentrations, the Ca®*/calmodulin -
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Figure 3.18. Effect of kinase inhibitors on GTPyS -activation of the NSC current.
(A) Current was measured every 20 sec from a V= -69 mV using a 100 msec step to +51

mV, in K -aspartate intracellular solution containing 0.1 mM GTPyS and standard 130
NaCl extracellular solution. Current is shown for a representative control RPE cell (A)

and for four other cells that were pre-incubated and superfused with the protein kinase
inhibitor H-7 (¥ ), GF 109203X (O ), KN-93 (M) or PD 98059 (®). (B) Mean (+SEM)
current amplitude measured at +51 and -129 mV at 15 min after assuming whole-cell
configuration in control RPE cells (open bar) and in RPE cells pre-treated and superfused
with the kinase inhibitors H-7 (hatched bar), GF 109203X (striped bar, vertical), KN-93
(striped bar, horizontal) or PD 98059 (closed bar). All data has been normalized for cell

capacitance (*p<0.05).
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dependent protein kinase inhibitor, KN-93, inhibits a number of physiological responses
associated with activation of CaM kinase Il (Mamiya et al., 1993; Marley & Thomson,
1996). We used PD 98059, the specific inhibitor of the MEK (Dudley ef al., 1995:
Alessai et al., 1995), to explore the possibility that mitogen-activated protein kinases
(MAPKSs) may be involved in NSC current activation.

To generate the time course of NSC current activation shown in figure 3.18A,
current was measured every 20 sec from Vy=-69 mV, using a 100 msec voltage pulse to
+51mV in standard intracellular solution containing 0.1 mM GTPvS. In the absence of
kinase inhibitors, the NSC current was activated in 17/26 cells tested. The NSC current
was also activated in 8/9 cells treated with either 100 uM H-7 or 3 uM GF 109203, in 3/4
cells treated with 50 pM KN-93 and in 3/3 cells treated with SO uM PD 98059. The NSC
current activated in the presence of the kinase inhibitors, GF 109203X and KN-93, had
properties similar to control cells, however current activation in H-7 and PD 98059-
treated cells was delayed compared to control, GF 109203X or KN-93-treated cells. In
control cells, activation of the NSC current significantly increased the current amplitude
measured at +51 mV from 12 = 2 pA/pF at break-in to 135 + 42 pA/pF at 7 min post
break-in (p<0.05). Current at +51 mV was also similarly increased at 7 min. post break-
in, in RPE cells pre-treated with the kinase inhibitors GF 109203X (from 17 = 6 pA/pF to
100 + 30 pA/pF; p<0.05) or KN-93 (from 16 + 13 pA/pF to 148 = 66 pA/pF; p<0.05). In
contrast, current amplitude measured at +51 mV at 7 min after break-in was not
significantly different from break-in current amplitude in cells pre-treated with H-7 (10 £

4 and 30 = 15 pA/pF; p>0.05) or PD 98050 (22 £ 15 and 32 + 19 pA/pF; p>0.05). The



132

decrease in current amplitude at 7 min with H-7 and PD 98059, is consistent with the
delay in activation of the NSC current observed in the presence of these kinase inhibitors.

Figure 3.18B shows the mean current amplitude for the GTPyS-activated current
in control cells and in cells pre-treated with kinase inhibitors. Current amplitudes
measured in control cells at +51 and -129 mV at 15 min after break-in were 195 + 32
PA/pF and -423 + 85 pA/pF, respectively (n=17). The mean amplitide of the current at
+51 and -129 mV in cells pre-treated with H-7 (65 = 19 and -169 = 43 pA/pF; n=8) was
significantly reduced compared to current amplitude measured in control cells (p<0.05).
The NSC current amplitude at +51 and -129 mV was unaffected in RPE cells treated with
GF 109203X (193 = 52 and -625 + 212 pA/pF; n=8) or KN-93 (238 + 86 and -528 + 193
pA/pF; n=4). However, like H-7, pre-treatment of RPE cells with the MEK inhibitor PD
98059 also reduced the current amplitude measured at +51 and -129 mV (98 + 20 and

-176 = 10 pA/pF; n=3) compared to control.

Figure 3.19 shows the [-V curves for the mean GTPyS-difference current in a
control RPE cell and in another cell treated with either H-7 or PD 98059. Both H-7 and
PD 98059 reduced the mean current amplitude over the entire voltage range. The mean
reversal potential of the NSC current however, was unaffected by treatment with H-7 or
PD 98059. The lack of effect of the selective kinase inhibitors GF 109203X or KN-93
suggests that neither PKC or CaM kinase II play a role in modulating NSC current
activation in rat RPE cells. However, the delay in NSC current activation and the reduced
current amplitude in the presence of the nonselective kinase inhibitor H-7 and the
selective inhibitor of MEK, PD 98059 suggests that some phosphorylation event, likely

mediated by a MAP kinase, plays a role in NSC current modulation.
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Figure 3.19. H-7 and PD 95059 decrease NSC current amplitude. Mean I-V plot for
the GTPyS-difference current in control cells (@; n=12) and for cells treated with H-7 (@l
, n=8) or PD 98059 (A;n=3). The difference current was obtained by digitally subtracting
current amplitude at 1 min from current amplitude at 15 min. All data has been

normalised for cell capacitance. (*p<0.05)
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11. Involvement of Cyclic Nucleotides

The cyclic nucleotides cyclic AMP and cyclic GMP have been demonstrated to
stimulate nonselective cation channels in a variety of cell types to cause membrane
depolarization (for review see: Zagotta & Siegelbaum, 1996). Therefore, we investigated
the possiblity that signaling pathways coupled to GTPyS-activation of heterotrimeric G
proteins may generate cyclic nucleotides that could gate the NSC current in RPE cells.
Figure 3.20A shows the mean current amplitude measured at break-in (1 min) and 10 min
after superfusion of RPE cells with the membrane permeant adenylate cyclase activator
forskolin or the membrane permeant cGMP analogue dibutyryl cGMP. Celis were
recorded using Na -aspartate external and Cs -aspartate internal solution, in the absence
of GTPYS. Activation of the NSC current failed to occur in any of the tested RPE cells
exposed to 10 uM forskolin for 10 min (n=8). The mean current amplitudes in forskolin
treated cells measured 1 and 10 min after break-in at +56 mV and -124 mV were 10 = 4
and -13 £ 3 pA/pF and 13 = 10 and -19 + 15 pA/pF (n=6), respectively. The inability of
forskolin to mimic activation of the NSC current in the absence of GTPYS, suggests that
CAMP is not involved in current activation and further confirms the lack of involvement
of a Gus -coupled signaling pathway.

Superfusion of RPE cells with 300 uM dibuturyl cGMP also failed to activate the
NSC current in any cells tested (Figure 3.20B; n=56). Mean current amplitudes measured
at +56 and -124 mV at 1 min after break-in were 8 + 2 and -6 + 3 pA/pF, respectively.
Similarly, 15 min after break-in, in the presence of dibuturyl cGMP, the mean current

amplitude at +56 mV (11 = 4 pA/pF) was not significantly different from break-in
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Figure 3.20. Cyclic nucleotides are not involved in NSC current activation. Mean
(+SEM) current amplitude measured in RPE cells with Cs -aspartate intracellular
solution minus GTPyS and Na’-aspartate extracellular solution containing either forskolin
(A) or dibutyryl-cGMP (B). Current was measured at +56 and -124 mV at 1 (open bars)
and 15 min (closed bars) after assuming whole-cell configuration. Current amplitude at
—124 mV measured at 15 min was significantly increased with dibutyryl-cGMP
superfusion (*p<0.05; Student;s paired t-test). All current values have been normalized
for cell capacitance. (B; inset). Mean (+SEM) I-V relationship for dibutyryl-cGMP-
activated current in RPE cells, obtained by subtracting whole cell currents measured after
15 min superfusion with dibutyryl-cGMP from those measured immediately after break-

in.
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(p>0.05). However, in all 6 cells examined, superfusion with dibuturyl cGMP
significantly increased the mean current amplitude measured at -124 mV (-34 £16 pA/pF;
p<0.05; Student’s paired t-test) compared with break-in current. The mean current
activated by dibutyryl cGMP (see inset Figure 3.19B) was obtained by subtracting I-Vs
generated under control conditions from those obtained in the presence of cGMP. The
cGMP-activated current showed inward rectification at negative potentials, with little
outward current at depolarized potentials. The cGMP-activated current had a mean
current reversal of 1.2 =3 mV and a mean whole-cell conductance of 2855 pS at -124
mV. This cGMP-activated current in RPE cells may be similar to the cGMP-gated non-
selective cation currents described in other retinal cell types (Kusaka et a/.,1996; Wei et

al., 1996), but was distinct from the GTPYS -activated NSC current being investigated in

this thesis.
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DISCUSSION

In this study we demonstrate, using standard whole-cell recording conditions, that
the membrane conductance of rat RPE ceils is normally dominated by K~ conductances.
Rat RPE cells were found to exhibit at least 3 voltage-dependent K™ currents. Our results
also demonstrate that rat RPE cells possess an nonspecific cation (NSC) current that is
activated by a PTX-sensitive G subunit protein. Furthermore, we show that the
downstream events linked to NSC channel activation involve intracellular Ca’” and a
phosphorylation event that may be mediated by a MAP kinase signaling pathway. This
study extends earlier electrophysiolgical studies in the rat RPE by identifying and
characterising a NSC current not previously identified in this cell type. Details of the
properties and the regulation of this G protein-activated NSC current are discussed below

and compared to nonselective channels described in other cell types.

1. Membrane properties and voltage-dependent K*
conductances in cultured rat RPE cells.

Membrane properties obtained for cultured rat RPE cells compared well with
those obtained in other mammalian RPE (Hughes & Steinberg, 1990; Straup et a/, 1993).
The average cell capacitance was 34 pF (n=100) and, under standard recording
conditions, the average resting membrane potential of rat RPE cells cultured for 2-5 days
was —47 + 2 mV (n=33). The resting membrane potential of isolated RPE cells tends to
be somewhat depolarized as compared to the average values obtained for intact RPE

preparations which range between —70 to ~80 mV (Miller & Steinberg, 1977; Joseph &
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Miller, 1992). The reason for this discrepancy remains unknown but may be related to
altered membrane properties, loss of epithelial polarity and/or junctional complexes
between cells that occurs during RPE cell isolation and culture, and may be due to
treatment with enzymes and low Ca®~ media (Davis e al, 1995).

Under standard conditions, we found that the whole-cell current of our cultured
rat RPE cells primarily consisted of at least three different voltage dependent K~
conductances: a delayed rectifying outward K™ current, an inactivating outward K~
current and an inwardly rectifying K~ current. The presence of similar K™ currents has
been demonstrated in cultured and fresh RPE cells from several amphibian and
mammalian species: frog (Hughes & Steinberg, 1990), rat (Strauf, 1994), rabbit (Tao et
al., 1994), monkey (Wen et al., 1993), and human (Strauf et al., 1993; Wen et al., 1993).

A delayed (outward) rectifying K™ conductance was the predominant K~ current
observed in our cultured rat RPE cells. This current was identified on the basis of its
voltage-dependence and sensitivity to pharmacological blockade (Rudy, 1988). The
delayed rectifier K™ current was activated by depolarizing the RPE cells positive to — 40
mV, it showed little decay at maintained depolariztion and was decreased by the blockers
of voltage-dependent potassium channels, 4-AP and TEA (Cook, 1988). Tail current
analysis indicated that outward current was mainly carried by K™ ions. The delayed
rectifier identified in our cultured rat RPE cells shows a similar voltage dependence and
pharmacological profile to the delayed rectifier previously described in cultured primate
(Wen ef al., 1993) and rat RPE cells (Straufy & Weinrich, 1992).

In this study on cultured rat RPE cells, 47% of the cells investigated expressed an

inwardly rectifying K~ conductance. This time and voltage-dependent inwardly rectifying
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current was activated by hyperpolarizing cells to potentials negative to —70 mV. Inward
current showed time-dependent inactivation at the more negative potential of =122 mV, a
characteristic typically observed for mammalian inward rectifier K~ channels (Rudy,
1988). Inward K~ current was blocked by low concentrations of Ba®~ which is also typical
for inward (anomalous) rectifier K™ channels (Cook, 1988). An inwardly rectifying K~
conductance with a similar voltage-dependence and sensitivity to blockade by Ba®~ as
observed for rat RPE cells, has been described in rabbit (Tao er al, 1994).

A small percentage of rat RPE cells recorded from (~20%) exhibited an
inactivating outward K~ current. The threshold for activation of this current was more
negative (~ -60 mV) than for the delayed rectifier and it rapidly inactivated at depolarized
potentials. A similar inactivating outward current has also been observed in cultured
rabbit (Tao et al, 1994), turtle (Fox & Steinberg, 1992) and cultured fetal and adult
human RPE cells (Wen e al, 1993). The infrequent appearance of this transient outward
current did not allow for us to test the sensitivity of this current to pharmacological
blockade. In other mammalian RPE cell however, the transient outward current was
sensitive to blockade by low concentrations of 4-AP, a potent blocker of transient K~

currents (Rudy, 1988).

2. Location and function of K' conductances in the RPE

It is known that in most epithelial cells, there is differential expression of channel
populations on the apical and basolateral surfaces (Rodriguez-Boulan & Nelson, 1989).
While our whole-cell recordings did not allow us to identify whether channels were

located on either the apical or basolateral membrane of RPE, studies from intact RPE-
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choroid preparations have suggested that K~ conductances are located on both the apical
and basolateral membranes. Studies on the frog RPE have also provided evidence that the
apical membrane K™ conductance is comprised largely of inward rectifying K™ current
(Miller & Steinberg, 1997, Joseph & Miller, 1991).

The inwardly rectifying K™ current we identified in cultured rat RPE cells is the
predominant current active in the physiological voltage range of the RPE (Segawa &
Hughes, 1994; Hughes & Takahira, 1996). Apically located inward rectifiers contribute
to the establishment of the apical resting potential of RPE cells; provide an efflux
pathway for K™ that enters via the Na/K™ pump; carry out transepithelial ion transport;
and contribute to K™ homeostasis in the subretinal space. Inward rectifying K~
conductances at the basolateral membrane help set the basolateral membrane potential
and provide the major efflux pathway for K transport across the RPE.

In the absence of agonist stimulation, the function of the delayed outward rectifier
in the RPE is unknown since it activates at potentials that are significantly depolarized
(40-50 mV) to the normal resting potential of the apical and basolateral membranes. Even
the depolarization (~ 12 mV) of the RPE that accompanies the onset of light would be
insufficient to activate this outward K~ current. Therefore, it seems unlikely that this
conductance participates in transepithelial transport or contributes to the membrane
potential under normal physiological conditions. In the face of a large transient
depolarization however, this current would be well suited to restore the normal
membrane potential. Outwardly rectifying K™ conductances have been implicated in the
mitogenic response of retinal ganglion cells (Puro et al/, 1989) and T lymphocytes

(DeCoursey, 1984) and in the membrane potential changes that accompany phagocytosis
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in macrophages (Ypey & Clapham, 1984; Ince et a/, 1988). Thus, the delayed rectifier K~
conductance could play similar roles in the RPE.

The role that the transient outward K™ current plays in the RPE also remains
unknown. The infrequent appearance of this conductance and the observation that it is
found mainly in dedifferentiated RPE cells in culture suggests that it does not play a
physiological role under normal conditions in vivo. In other nonexcitable cell types the
expression of transient inactivating K currents has been demonstrated to be important for

differentiation (Rudy, 1988) and proliferation (Mattioli ez al, 1993).

3. Activation of the NSC current by GTP Analogues

Our results demonstrate that inclusion of GTPyS or Gpp(NH)p in the pipette
activates a large cation current in rat RPE cells. In the presence of GTPYS or Gpp(NH)p,
the NSC current activates rapidly after a delay of 5-6 minutes (after assuming the whole-
cell configuration). In the presence of GTPyS, NSC current activation was not reversible.
Non-reversible effects of GTPyS have been described for ion channel activation in other
cell types (Sun ef al, 1992), including NSC channel activation in other ocular epithelial
cells (Mitchell & Jacobs, 1996a). The delay in current activation is consistent with time
constant reported for GTPyS diffusion from the patch pipette into the cytoplasm, which
has been determined to be about 4 min to reach 90% maximum concentration in the
cytosol (Hescheler, 1994). Similar time-courses for current activation have been reported
for GTPyS-mediated activation of voltage-dependent calcium currents (Oliva et al, 1988)
and NSC channels in guinea pig chromaffin cells (Inoue et al., 1991). In contrast to the

effects of GTPYS and Gpp(NH)p, inclusion of GDPBS in the pipette did not activate the
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cation current. Since GDPBS is a hydrolysis-resistant GDP analogue that competes with
GTP for binding sites on G proteins, the lack of activation of the cation current by

GDPS confirms the involvement of a G protein in regulation of this current.

4. Pharmacological Blockade of NSC currents

A number of agents have been reported to have some blocking actions on NSC
channels including K~ channel blockers, such as quinine (Gogelein & Pfannmuller,
1989), and the lanthanide, gadolinium. In various cell types, including epithelial cells,
gadolinium has been found to block the activation of both stretch-activated cation
channels (Yang & Sachs, 1989; Davis, 1992; Naruse & Sokabe, 1993) and receptor-
activated NSC channels (Schumann er al., 1994) at concentrations between 50 nM to 100
HM. Neither quinine nor gadolinium was effective in blocking the GTPyS-activated
current in rat RPE cells. Similar to our findings, 100 uM gadolinium also had no effect
on a nonselective cation current in pigmented ciliary epithelial cells (Mitchell & Jacob,
1996b). However, this study also found that the nonselective current could be blocked at
higher concentrations of gadolinium (4 mM). The ineffectiveness of 100 uM gadolinium
in our study may, therefore, reflect too low a concentration of this agent for effective
blockade of the NSC current in RPE cells. In addition to the above agents, the epithelial
Na’ channel blocker amiloride (Benos e al., 1995; Jacob ez al., 1985) was also without

effect on the GTPyS-activated current.
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S. Ionic selectivity of NSC currents

The presence of non-specific cation (NSC) channels have now been described in
numerous cell types including heart cells (Colquhon e a/., 1981), IMCD kidney
epithelial cells (Ono et al., 1994), macrophages (Lipton, 1986), rat and mouse pancreatic
acinar cells (Maruyama & Petersen, 1982), lacrimal acinar cells (Marty e al., 1984), and
subsequently in every type of exocrine gland which has been investigated (for review see,
Marty, 1987). In ocular tissues, NSC channels have been described in human (Cooper et
al., 1990) and frog (Cooper et al, 1986) lens epithelial cells and rabbit corneal
endothelium (Rae et al. 1990). NSC channels form a heterogeneous family of pore-
forming proteins whose characteristics vary, depending on both the cell system and the
investigational approach used. The common denominator, as its name implies, is the
selectivity of this channel for small monovalent cations, coupled with the inability to
discriminate amoung these cations. The GTPyS-activated current in rat RPE cells was a
NSC current, because in the presence of voltage-dependent K™ channel blockade it
showed virtually no discrimination between Na~ and K~ ions with a Px/Px, of 1.07 and
had a V, close to 0 mV in 130 mM Na’ or K™ extracellular solutions. In addition to almost
complete non-discrimination between Na™ and K~ ions, large cations such as TRIS and
NMDG also appeared to be able to permeate the rat NSC channel. The channel exhibited
no anion permeability as alterations in extracellular [CI'] produced very little change in
current amplitude or current reversal potential.

In a number of cell types NSC channels have been shown to have significant

permeability to the divalent cation Ca?” (Benham er al, 1985; Inoue & Kuriyama, 1992;
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Thorn & Petersen, 1993). We did not explore the Ca** permeability of the GTPyS-
activated NSC in rat RPE cells. However, removal of extracellular Ca 2~ still resulted in
current activation and did not change the reversal potential or the amplitude of the NSC
current. Thus it is unlikely that under physiological conditions that the NSC channel
could represent a major pathway for Ca’~ entry in RPE cells.

A large nonselective channel with somewhat different properties to the NSC
current recorded in rat RPE cells has been described in membrane patch recordings from
cultured human RPE cells (Fox et a/., 1988). This nonselective channel had a unitary
conductance of 300 pS, a Px/Px, of 0.8 and showed poor selectivity between K™ and CI".
Investigations of the calcium and voltage-dependence of the non-selective channel in
human RPE cells revealed that this channel was not dependent on either extracellular or
intracellular Ca®" but was voltage-dependent, with the open probability of the channel
decreasing as the membrane potential increased. Similar large-conductance channels
which show selectivity for several substrates but are primarily anion selective, have been
described in rat Schwann cells (Gray, Bevan & Ritchie, 1983), rat muscle (Blatz &
Magleby, 1983) and the apical membranes of MDCK cells (Kolb er al., 1985). This poor
discrimination between cations and anions and the voltage-dependency sets these
channels apart from the NSC channel described in this study, which is selective for

cations but has limited permeability for anions.

6. Identity of the G protein activating the NSC current

Confirmation that GTPyS-mediated activation of the NSC current in rat RPE cells

involves a heterotrimeric as opposed to a low molecular-weight (18-32 kDa) monomeric
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G proteins, was carried out by dialysing cells with AIF;. The AlF 4 complex is a known
activator of heterotrimeric G proteins and is able to mimic the action of GTP and thus
cause dissociation of the a-subunit of G proteins (Ui, 1990). We found that AIF,
activated a cation current with similar properties to the GTPyS-activated NSC current. In
the case of fluoroaluminate, however, the time-course of activation of the NSC current
was somewhat slower than that found with GTPyS and tended to reverse more rapidly.
This finding is supported by other studies which demonstrate that the effect of sodium
fluoride is reversible and that it acts in a concentration-dependent manner with a K4 for G
protein activation of 0.47 mM (Higashijima et al., 1991).

Although fluoroaluminate has been shown to stimulate heterotrimeric G proteins
in many different tissues, the results of these studies indicate that the fluoride-evoked
effects were not generally mediated by a PTX-sensitive G protein (Ui, 1990). Our results
are not consistent with these findings since, incubation of rat RPE cells with PTX for 24
hrs blocked GTPyS-activation of the NSC suggesting that the G protein involved was
PTX-sensitive and of the Gi/G, class. Several reports in the literature also demonstrate
abolishment of ion channel activation after treatment of cells with PTX (Brown &
Birnbaumer, 1990; Schultz e al, 1990), including a muscarine-activated NSC current in
guinea-pig chromaffin cells (Inoue ef al, 1991).

To identify the PTX-sensitive G protein subtype involved in NSC current
activation we employed a modified version of the scrape-loading technique (McNeil et
al, 1986) to inactivate selective G protein a subunits. This technique was advantageous in
the study of NSC activation in rat RPE cells because it was methodologically simple and

allowed us to load >90% of the cells with antibody. Furthermore, scrape-loaded RPE
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cells retained their morphological and electrophysiological characteristics indicating that

viability was unaffected. Our results demonstrate that loading RPE cells with an antibody
which is directed against the alpha subunit protein of all PTX-sensitive G; proteins (Gyi-1,
G2 and Gy;3), but has no cross reactivity with other G protein o subtypes, abolishes
GTPyS activation of the NSC current. This finding, combined with the lack of effect of
antibodies directed against the PTX-insensitive Gas subunit proteins, confirms that a G
protein of the Gq; subtype is involved in NSC current activation in rat RPE cells.

In support of our findings, studies in mammalian RPE cells have identified
multiple G protein species, including all 3 subtypes of Ga; proteins (Jiang et al, 1991),
and have demonstrated that a number of light-adaptive responses, ion transport pathways
and second messenger activity in this epithelium are modulated by ligands that are known
to couple to G protein signaling pathways (Hughes e a/, 1988; Dearry et al, 1990; Nash
& Osborne, 1995). More recently, a PTX-sensitive nonselective cation channel with
properties similar to the one described in this study has also been identified in human
RPE cells. This NSC current is activated by lysophosphatidic acid (Thoreson & Chako,
1997), a molecule known to act via cell surface receptors coupled to G protein subtypes
(Moolenar et al, 1997). Evidence from other studies in a variety of cell types also
supports the involvement of G proteins, including PTX-sensitive ones, in the activation of
nonselective cation channels. For example, muscarine-mediated activation of a
nonselective cation channel in smooth muscle and guinea pig chromaffin cells is known
to involve Gi/G, proteins (Inoue & Imanaga, 1995; Wang, Fleischmann & Kotlikoff,
1997) and in HI-60 cells, a nonselective cation channel has also been described that is

activated via PTX-sensitive G; proteins (Hageluken ef a/,1995).
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7. Signaling Pathways involved in NSC current activation

Ion channels coupled to G protein signaling pathways can be modulated both
directly by activated G protein subunits and indirectly by a number of downstream
signaling intermediaries (Wickman & Clapham, 1995). Signaling pathways linked to Go;
pathways have been demonstrated to be involve in phosphoinositide (PI) turnover via
PLCB activation and subsequent intracellular Ca>~ mobilization, inhibition of adenylyl
cyclase, and activation of a host of protein kinases including: PKC; tyrosine kinases;
CaM Kinase II; and MAP kinase. Second messengers and protein kinases, activated
downstream of G-protein activation, can modulate the activation of a number of different
ion channels (for review see, Ghosh & Greenberg, 1995; Smart, 1997), including
nonselective cation channels (Braun & Schulman, 1995; Inoue & Imanaga, 1995; Inoue

et al, 1996; Lidofsky et al, 1997).

7.1 Role of [Ca **]; in NSC current activation

A large number of nonselective channels have been described that are activated
by elevations in the intracellular calcium concentration ([Ca®" ];). These channels are
classfied as calcium-activated nonselective cation (CAN) channels and are ubiquitous in
nature, being found in virtually all cell types examined. CAN channels share three main
charactersitics: calcium sensitivity, nonselectivity and impermeabilty to anions. These
channels are heterogeneous with respect to their calcium sensitivity and studies have

reported that [Ca®” J; as low as 50 nM and as high as 10 uM are required to cause
q
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significant increases in the channel open probability (for review, see Partridge &
Swandulla, 1988).

The increase in [Ca®" ; that activates these NSC currents is thought to arise via
extracellular Ca*” influx and/or release from intracellular Ca®” stores. The rise in [Ca*" );
that faciliates NSC current activation in RPE cells does not appear to be dependent on
influx of extracellular calcium, as we observed no decrement in current amplitude when
the external solution was made nominally Ca’"-free (see above). This suggests that only
elevations in [Ca®” ]; mediated by release from intracellular stores are involved in
modulation of NSC current amplitude in rat RPE cells. To support this hypothesis, we
observed that depletion of intracellular Ca®” stores by dialysis of RPE cells with 10 mM
BAPTA significantly reduced the amplitude of the NSC current without affecting its
activation by GTPyS. Thus, in rat RPE cells Ca*” mobilization from intracellular stores,
and not extracellular influx, facilitates channel activation but is not a prerequisite for
current activation. In guinea-pig chromaffin cells, intracellular Ca®>~ has been found play
a similar role in facilitating agonist-induced NSC current activation (Inoue & Isenberg,
1990; Inoue & Imanaga, 1995).

A large body of evidence now supports two pathways for [Ca’"; ] to activate
and/or regulate NSC channels. A number of earlier studies suggested that elevations in
intracellular Ca®" directly activates NSC channels by interacting with a Ca®” binding site
on the channel protein. Support for this hypothesis comes from studies which
demonstrated that in cell-detached patches (inside-out configuration), exposure of the
cytoplasmic side of the membrane to Ca®" activated NSC channels (Partridge &

Swandulla, 1988; Cook ef a/, 1990; Verrier & Lazdunski, 1991; Haguiar & O’
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Brodovich, 1992). More recently, several lines of evidence argue against direct binding
of Ca*" as a sole means for activation of CAN channels (Devin & Duffy, 1992; Braun &
Schulman, 1995; Inoue & Imanaga, 1995). This finding opens up the possibilty that the
activation of NSC channels may be regulated by downsteam signaling components of G
protein pathways that are activated/inactivated subsequent to elevations in [Ca*" };. For
example, carbachol stimulation of a Ca*” -dependent NSC current in human T84
epithelial cells was demonstrated to be mediated by the Ca*"-calmodulin-dependent
protein kinase, CaM kinase, which was activated secondarily to elevations in [Ca®" J;

(Braun & Schulman, 1995).

7.2 Protein Kinase-dependent phosphorylation in NSC current activation

Modulation of nonselective cation currents by kinase-mediated phosphorylation
events have now been described in a variety of cell types. For example, in human T84
epithelial cells, phosphorylation mediated by CaM kinase was demonstrated to be
required for activation of a Ca’™ -activated nonselective cation current (Braun &
Schulman, 1995). PKA-dependent phosphorylation is also involved in the activation of a
nonselective cation current in renal epithelial celis (Marunaka er a/., 1997) and tyrosine
phosphorylation by the endogenous tyrosine kinase, Src, regulates the activity of N-
methyl-D-aspartate receptors in mammalian central neurons (Yu ez a/., 1997). Similar to
our findings, a nonselective cation current has been described in chromaffin cells whose
activation is sensitive to PTX , facilitated by rises in [Caz’ Jiand involves an H-7-
sensitive and PKC, CAM kinase II-independent phosphorylation event (Inoue &

Imanaga, 1995). A role for MAPK(s)-dependent phosphorylation in nonselective cation
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channel activation has not yet been described, however a recent study has identified that
MAPK(s) are involved in the activation of a volume-activated anion current in rat
astrocytes (Crepel et al., 1998).

Our current results, examining the involvement of protein kinases in NSC channel
activation, indicated that neither CaM kinase II nor PKC-mediated phosphorylation is
involved in NSC current regulation, as inhibitors of these kinases (KN-93 and GF
109203X) had no effect on NSC current activation or amplitude. However, in the
presence of the serine/threonine kinase inhibitor H-7, or a selective inhibitor of the MAP
kinase-activating enzyme MEK, (PD 98059), NSC current activation was delayed and
current amplitude significantly reduced. The inhibitory effects of H-7 are mediated by
direct interaction with the active center of the kinase thus competitively inhibiting ATP
binding and kinase activation. PD 98059 selectively inhibits the activation of MEK
(MAPKK), a dual specific kinase that is an intergral part of the MAP kinase cascade.
Inhibition by PD 98059 blocks subsequent MEK-dependent tyrosine/threonine MAP
kinase phosphorylation and activation (Alessi ef a/, 1995). The observation that both
inhibitors had similar effects on the NSC current suggests that H-7 and PD 98059 may
be blocking a common phosphorylation pathway involved in channel regulation. MEKKs
(Rafs), MEKs, MAPs (ERK1/ERK2) and MAPK-activated protein kinases
(MAPKAPKS) are all tyrosine/threonine or serine/threonine kinases in the MAP cascade,
whose activation leads to phophorylation of a variety of proteins (Denhardt, 1996;
Robinson & Cobb, 1997). It is plausible therefore, based on the conserved sequence
homology of serine/threonine kinases, that H-7 is inhibiting a kinase in the MAP cascade

to produce similar effects to PD 98059-mediated MEK inhibition on the NSC current in
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rat RPE cells. Our results therefore, support a role for a protein kinase-dependent

phophorylation step in the activation pathway of this current and further implicate
MAPK(s)- dependent phosphorylation as a potential mediator in modulating NSC
channel activity in rat RPE cells.

In support of our hypothesis that MAP kinase is a downstream effector in the Gg;
cascade leading to NSC current activation in rat RPE cells, a plethora of recent studies
has revealed that many receptors coupling to heterotrimeric G proteins, particularily
PTX-sensitive G; proteins, can activate the two major forms of MAP kinase in
mammalian cells ERK1 and ERK2 (Luttrell er al, 1997). The signaling pathway(s) by
which PTX-sensitive G proteins stimulate MAP kinase activation has been a topic of
much research over the last S years. A multitude of different, yet potentially interacting,
pathways have been described depending on the receptors, G proteins and effectors
present in any given cell type. Despite this heterogeneity, considerable evidence now
suggests that PTX-sensitive G;-linked receptors can stimulate MAP kinase through G;-By
subunit-mediated activation of a Ras and Raf-dependent pathway (Luttrell ez a/, 1997).

The central role of G;-By subunits in MAP kinase activation is supported by
studies which demonstrate that G;-coupled receptor effects on MAP kinase could be
mimicked by overexpression of By subunits, but not by activated forms of G (Crespo ef
al, 1994; van Biesen et al, 1996). Further studies have demonstrated that By complexes
can transduce the signal downstream of G; stimulation by activation of a number of
nonreceptor tyrosine kinases including the Src family of kinases (Src, Fyn, Yes and Lyn)
(Luttreil e al, 1997; Gutkind, 1998). Activated Src kinases can then mediate the tyrosine

phosphorylation and activation of several intracellular substrates including a variety of
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tyrosine kinases and the adaptor protein Src-dependent phosphorylation of Shc results in
the recruitment of the Grb2-SOS complex to the plasma membrane where it activates Ras
via stimulation of guanine nucleotide exchange. Activated Ras then recruits the MEKK
isoform Raf-1 to the plasma membrane and initiates the phosphorylation cascade leading
to MAP kinase (ERK1/ERK2) activation. Activated MAPKs can then phosphorylate a
variety of cellular proteins including the MAP kinase-activated protein (MAPKAPs; e.g.
Rsk-1 and Rsk-2), transcription factors, cytoskeletal elements, cytoplasmic PLA; and
various upstream signaling elements (e.g. receptors, SOS, Raf-1 and MEK) (Denhardt,
1996).

Several recent studies, have also provided alternative pathways for MAP kinase
activation by G; -By subunits. In HEK-32 cells G;-By-mediates a PLC and calcium~
dependent activation of the Ras/MAP kinase cascade (Della Rocca ef al, 1997). In this
pathway, the By complex activates PLC which liberates [P; and results in subsequent
release of Ca’” from intracellular stores. IP;-mediated elevations in [Ca®" ]; lead to
tyrosine phosphorylation and activation of Pyk2, a tyrosine kinase closely related to
focal adehesion kinase (FAK). Pyk2 has recently received considerable attention for its
involvement in linking G proteins that couple to PLC and PKC activation to the Ras-
MAP kinase pathway (Luttrell et a/, 1998). Furthermore, Pyk2 has been demonstrated, in
a variety of studies, to be activated by multiple stimuli including PKC and elevated
[Ca®" }i. A similar pathway to the one described in HEK-32 cells has recently been
proposed for PTX-sensitive Ca *"-dependent activation of MAP kinase by ATP/UTP in
PC12 cells (Soltoff ef al, 1998). Ca**-dependent activation of MAP kinase may explain

our observation that both MEK inhibition and reduction of intracellular Ca®* decreased
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the amplitude of the NSC current. Figure 3.21 depicts how the NSC current in rat RPE
cells may be activated by the two signaling pathways linking G; to the Ras/MAP
pathway. Although we have no conclusive evidence for the presence of signaling
pathway(s) linking G; -By activation to MAP kinase in rat RPE cells, it is possible that
either pathway, or both pathways acting in concert, or an as yet unidentifed pathway,
could be stimulated by GTPYS and lead to regulation of the NSC current. In support of a
role for a MAP kinase-dependent phosphorylation in regulating NSC current activity, a
very recent study has demonstrated the presence of MAP kinases (ERK1 and ERK2) in
human RPE cells (Hinton ef a/, 1998).

Although the factor(s) and receptor(s) responsible for initiation of the Gg;
signaling pathway leading to NSC current activation have not yet been identified, several
substances, including lysophosphatidic acid, muscarine, thrombin and a;-agonists have
all been shown to couple G; activation to the MAP kinase pathway (Luttrell ef al, 1997).
Recently, in cultured human RPE cells lysophophatidic acid (LPA) has recently been
shown to activate a nonselective cation current. Similar to the current described in this
study, the LPA-activated NSC current was permeable to several monovalent cations,
impermeable to anions and was PTX-sensitive (Thoreson & Chako, 1997). In addition to
the RPE, LPA also activates a NSC current in retinal Muller cells (Puro, 1998). LPA is a
simple water-soluble phospholipid that is rapidly produced and released from activated
platelets. In a number of diverse cell types it exerts a wide range of biological effects
including, cell proliferation, platelet aggregation, ion channel activation and
neurotransmitter release (Wouter et al, 1997). The actions of LPA in these cell systems

have been demonstrated to be primarily mediated via PTX-sensitive G; protein activation
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Figure 3.21. Schematic for NSC current activation by MAP kinase-dependent
pathway. See text for detalls.
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of the MAP kinase pathway. It light of these findings, the actions of LPA in modulation

of cation channels in rat RPE cells warrants further invesitgation.

9. Function of NSC current in rat RPE cells

Macroscopic current recording does not provide information on the location of the
NSC channel to either the RPE apical or basolateral membrane of RPE cells. It is
therefore, difficult to propose a role for this channel in relation to current models of ion
transport for this epithelium (Steinberg & Miller, 1979; Joseph & Miller, 1991; Edelman,
Lin & Miller, 1994). In at least one epithelium (rat pancreatic duct), however, NSC
channels are found on both the apical and basolateral membranes (Cook et al, 1990).
Thus, it is possible that activation of NSC channels in rat RPE cells would allow Na~
influx, causing a depolarization of the cell relative to the resting potential. The ensuing
depolarization, if sufficient, could activate other ion channels such as outwardly
rectifying K™ channels and CI” channels. Activation of apical K~ conductances would
provide an efflux pathway for K that enters the cell via the apical Na™-K "-2CI
cotransporter or the Na'-K™ pump. Basolateral CI” conductances may also be activated by
NSC current-mediated depolarization altering CI” secretion across the epithelium and
leading to changes in cell volume and transepithelial ion transport. Changes in
transepithelial ion transport would alter chemical composition and hydration of the
subretinal space (Joseph & Miller, 1991; Bialek & Miller, 1994).

A variety of roles for NSC currents in regulating cellular functions of non-
excitable cells have been proposed. In cultured fibroblasts and colonic epithelial cells,

agonist-induced activation of a NSC current has been proposed to play a role in cell
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proliferation (Jung er a/ ,1992; Siemen & Gogelein, 1993). Under normal physiological
conditions /n vivo RPE cells are quiescent, having lost their mitiotic ability once they
have differentiated. However, in culture, or under pathophysiological conditions such as
proliferative vitreoretinopathy, RPE cells have been shown to proliferate (Neill &
Barnstable, 1990). Under these conditions, activation of the NSC current could play a
role in stimulating the proliferative reponse in a similar manner to NSC channels in
colonic epithelial cells. In macrophages, activation of a NCS current is involved in
triggering phagocytosis and inflammatory responses (Hescheler & Schultze, 1991
Lipton, 1986; Young ef al, 1983). In light of the central role played by the RPE in
phagocytosis of shed rod outer segments roles, it is tempting to speculate that like
macrophages, the activatior: of an NSC activation current is linked to phagocytosis in the
RPE.

In summary, the present study demonstrates that activation of an NSC current in
rat RPE cells is mediated by a PTX-sensitive G,; protein. We also show that elevations in
[Ca*’];and kinase-dependent phosphorylation, potentially mediated by MAPK(s), are
components of the signaling pathway linking G; activation to regulation of NSC channel
activity. Although the factor(s) and receptor(s) responsible for physiological initiation of
the G,; signaling pathway leading to NSC current activation has not yet been identified,
activation of this current in vivo could provide a pathway for significant Na™ and cation
influx. The resulting membrane depolarization could have important functional

consequences for RPE-mediated ion transport and phagocytosis under normal

physiological conditions, and may be involved in proliferative responses of the RPE in

response to ocular trauma.



CHAPTER 4

Purinergic regulation of cation conductances and
intracellular Ca*" in cultured rat retinal pigment
epithelial cells

Part of this work has been previously published in abstract form by Ryan, J.S., Baldridge,
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ABSTRACT

Extracellular ATP has been demonstrated to elevate cytosolic calcium ([Ca®’]; ) in
rat retinal pigment epithelial (RPE) cells, but its effects on ion channels have not been
reported. In the present study, we used conventional whole-cell patch clampand
fluorescent [Ca®]; imaging techniques to investigate the effects of ATP on membrane
currents and [Ca”"];. Puffer application of 100 UM ATP activated two cation
conductances in rat RPE cells. In 62 % of the RPE cells a fast inward current was
activated at negative membrane potentials. However, in 38% of RPE cells recorded from,
a biphasic response to ATP was observed in which activation of the fast inward current
was followed by activation of a delayed outward current. The inward currentactivated by

ATP showed inward rectification, reversed at -1.5 + 1 and was permeable tomonovalent

cations. These characteristics are consistent with activation of a nonselective cation
current and involvement of P2x purinoceptors. The outward current activatedby ATP
reversed at -68 + 3 mV (E, = -84 mV) and was blocked by Ba®" ions consistent with the
activation of a K™ conductance. The outward K™ conductance was also reduced by the
maxi Kca channel blocker IbTX (10 nM) suggesting that ATP activated an outward Kca

conductance in rat RPE cells via a P,y coupled signaling pathway. The nonselective

cation and outward I k(c,) current were activated by UTP, ADP and 2MeSATP but not by
a,f3 methyl-ATP or adenosine. In Fluo-3 loaded RPE cells, ATP and UTP elevated
[Ca ?" ]; in a manner not dependent on extracellular Ca®” influx. These results suggest that

rat RPE cells express two types of purinoceptors. P,x receptors gate activation of the



161

nonselective cation conductance and G protein coupled Py receptors mediated Ca %~

release from intracellular stores and activation of a calcium-activated K~ current.
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INTRODUCTION

The retinal pigment epithelium (RPE) carries out a number of roles that are
essential for the maintenance and viability of the neurosensory retina. These roles include
phagocytosis of shed rod and cone outer segments, melanin synthesis and recycling and
regulation of subretinal volume via ion-coupled fluid absorption (Zinn & Benjamin-
Henkind, 1979; Clark, 1986; Steinberg & Miller, 1979). In order to carry out these
diverse functions, the RPE must be able to detect and respond to changes in its
environment via paracrine signals coming from the adjacent choroid and/or neural retina.

Regulation of RPE function via signaling molecules that act at cell-surface
receptors has received considerable attention in recent years. This interest stems from
evidence suggesting that defects in RPE signaling pathways may play a role in a number
of ocular pathologies, including retinitis pigmentosa and central serous retinopathy
(Heath er al, 1995; Zamir, 1997). A number of metabotropic receptors have been
identified on the RPE including those for dopamine, acetylcholine, epinephrine and
adenosine (Dearry & Burnside, 1988; Friedman e al/, 1988; Friedman er a/, 1989;
Frambach er al, 1990). Activation of these receptors by their respective signaling
molecules has been linked to changes in light-evoked responses (Dearry et al, 1990;
Gallenmore & Steinberg, 1990), phagocytic ability (Gregory ef al, 1994) and ion and
fluid transport across the RPE (Edelman & Miller, 1991; Joseph & Miller, 1992).
Recently, in monolayers of bovine and rat RPE, extracellular adenosine 5’-triphosphate
(ATP) and uridine triphosphate (UTP) were demonstrated to induce changes in

intracellular Ca*" and transepithelial ion and fluid movement (Stalmans & Himpens,
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1997b; Peterson et al, 1997). These findings support the presence of metabotropic
purinoceptors and suggest that extracellular ATP may act as an important paracrine signal
in the RPE.

Purinoceptors are divided into two main classes, P1 and P2, based on their
selectivity for adenosine and ATP, respectively (Burnstock & Kennedy, 1985).
Adenosine, or Py, receptors, are G protein-coupled receptors that respond only to purine
nucleosides and nucleoside monophosphates. They are subdivided further into adenosine
Ai, Az or Asreceptors based on their ability to inhibit or activate adenlyl cyclase,
respectively. ATP, or P, receptors are activated primarily by purine or pyrimidine
nucletoide triphosphates. This receptor family constitutes a diverse set of proteins that are
linked by their common ability to bind extracellular ATP and elicit increases in [Ca >~ ];
and other ions. Their classification into receptor subtypes had previously been based
upon pharmacological profiles of the response to ATP analogues. Recent advances in the
molecular biology of P; receptors however, has now identified more than a dozen types
of P receptors and has reorganized them into two major subclasses: the Pox
purinoceptors and the P,y purinoceptors (Barnard e a/, 1997). Seven P,y receptor
subtypes have been identified and classified on the basis of sequence homology,
agonist/antagonist sensitivity and kinetics of receptor desensitization. P,x receptor
subtypes comprise a novel family of ligand-gated ion channels. These ionotropic
receptors gate nonselective cation channels permeable to various ion, including Ca*”
(Barnard, 1992). The seven subtypes of P2y receptors belong to the larger superfamily of
7 transmembrane proteins that are G protein-coupled (metabotropic) receptors. Although

signaling molecules downstream from P2Y receptors have not been fully classified, all
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subtypes to date have been linked by heterotrimeric G proteins to phospholipase C (PLC)
activation, generation of inositol triphosphate (IP;) and diacylglycerol (DAG), and
subsequent release of Ca’” from internal stores (Barnard er al, 1994).

Several lines of evidence support a role for adenosine (P1) receptors in ocular
physiology. In the rat eye, Ai, A2 and A;g purinoceptor mRNA is expressed in a wide
variety of ocular tissues including the retinal ganglion cells (A; and Az,4), ciliary
processes (A1, Aza and Azg) and inner nuclear layer (A1) (Kvanta ef al, 1997). The RPE
expresses mMRNA for A;. purinoceptors and the presence of A,p receptors has also been
suggested (Blazynski, 1993; Kvanta et a/, 1997). Functionally, activation of P1 receptors
has been found to be important in regulation of retinal blood flow (Crosson et a/, 1994),
moblization of intracellular Ca®” in retinal Muller cells and modulation of rod outer
segment ingestion by the RPE (Gregory ef al, 1994).

Pharmacological and functional data support the presence of P,y purinoceptors in
the chick neural retina (Sugioka et al, 1996), ovine lens cells (Churchill & Louis, 1997),
bovine ciliary epithelial cells (Shahidullah & Wilson, 1997) and rat and bovine RPE
(Stalmans & Himpens, 1997b; Peterson et al, 1997). More recently, P2y, purinoceptors
were found to be expressed in cultured human RPE cells (Sullivan e al, 1997). There is
less evidence to support the existence of P,x purinoceptor subtypes in the eye although
P2x receptor mRNA has been localized to the rat retina where it was found to be
expressed in photoreceptors, inner nuclear layer neurons and retinal ganglion cells
(Greenwood ef al, 1997). In rat retinal Muller cells it has been demonstrated recently that

activation of putative P,x receptors mediates elevations in intracellular Ca>” (Neal ef al,
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1998). However, to date, no evidence exists for the expression of functional P,y
purinoceptors in the mammalian RPE.

In this chapter we report that extracellular ATP, UTP and other nucleotides, but
not adenosine, activate two distinct cation conductances. The rapid activation of a
inwardly rectifying cation current suggests, for the first time, the presence of functional
P2x purinoceptors in the rat RPE. We also provide evidence for the presence of G
protein- coupled P2y purinoceptors linked to activation of a Ca®"- sensitive outward K~
conductance and, with the use of nonratiometric Ca>" -imaging using Fluo-3, we have
demonstrated purinergic-mediated increases in [Ca 27J; .

Our findings that extracellular ATP (or UTP)-mediated cation channel activation
and [Ca’ " ]J; mobilization in the RPE support a role for ATP and/or UTP as paracrine
signals in the RPE and suggest that they may act to regulate RPE function under

physiologic and/or pathologic conditions.
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MATERIAL AND METHODS

1. Cell Dissociation and Culture

Rat RPE cells were dissected, cultured and identified as previously described

(GENERAL METHODS, section 1.1).

2. Electrophysiological Recording

2.1 Superfusion and Solutions

Superfusion of isolated cells has been described (see GENERAL METHODS). In
these experiments the standard extracellular solution contained (in mM): NaCl, 130; KCl,
5; Na'-HEPES, 10; NaHCOs, 10; MgCl,, 1; CaCly, 1 and glucose, 10 (solution A, table 1
in GENERAL METHODS). Replacement of extracellular Na™ was accomplished using
equimolar substitution with either choline chloride or N-methyl-D-glucamine (NMDG)
chloride (solutions B and D, table 1). In some experiments the extracellular solution was
made nominally Ca *"-free by including 1.5 mM EGTA with 0.2 mM CaCl; (solution G,
table 1 in GENERAL METHODS). The extracellular calcium concentration with this
substitution was estimated to be <10 nM. Calcium concentration was calculated using a
software program based on the algorithm of Goldstein (1979; provided by J.
Kleinschmidt). The standard intracellular solution contained (in mM): K -aspartate, 100;
KCl, 10; HEPES acid, 20; MgCl,, 1; CaCl,, 0.4; EGTA, 1; ATP, 1 and 0.1 GTP (solution

J, table 1 in GENERAL METHODS).
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2.2 Drugs

Stock solutions of adenosine, ATP, UTP, 2MeSATP, ADP and a8 methylATP
were all diluted in the extracellular recording solution and applied via pressure injection
from a micropipette (see GENERAL METHODS, section 3.1). The purinergic
antagonists (suramin and PPADS), the potassium channel blockers (Ba 2~ and IbTX) and
the chloride channel blocker (DIDS) were all included in the extracellular solution and

bath perfused. All drugs were used at the concentration cited in the RESULTS.

2.3 Electrophysiological Recording Techniques

As before (Chapter 1, section 3.2), whole-cell patch clamp techniques were used
to measure currents in isolated RPE. All the data and current-voitage relationships shown
have been corrected for LJPs. The LJP using standard low CI intracellular and standard 5
mM KCI extracellular solutions (solutions A and J, table 1 in GENERAL METHODS) or

cation-substituted extracellular solutions (solutions B and D, table 1 in GENERAL

METHODS).

3. Ca’ Imagin
3.1 Calcium Indicator Dye Loading

RPE cells were isolated as previously described and were cultured on glass
coverslips for 2-5 days before loading with the membrane-permeant (acetomethoxy ester)

form of the Ca®” indicator Fluo-3 (Fluo-3AM). When bound to Ca " the fluorescence
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emitted by Fluo-3 increases (Kao er a/, 1989). We chose to use Fluo-3 as the calcium
indicator because of its large optical signal, which allows for very good signal-to-noise

ratio. A stock solution of Fluo-3 AM was prepared by dissolving 50 ug of the dye in SO
ul of DMSO. The dye stock solution was then diluted in standard extracellular 5K"

solution (solution A, table 1 in GENERAL METHODS) containing 0.01% pluronic F-

127 to give a final concentration of 10 uM Fluo-3AM. To load RPE cells with Fluo-3,

cells were incubated with the dye solution for 1 hour at RT (22-23°C), and then rinsed

with SK™ solution.

3.2 Pharmacological Treatment

RPE cells, attached to glass coverslips, were placed in a shallow bath chamber
(~1-2 ml) on the stage of Nikon UM-2 fluorescent microscope. The cells were
continuously superfused with standard extracellular solution at a rate of 1-2 ml/min. The
extracellular solution was made nominally Ca*®" -free by reducing extracellular calcium to
0.2 mM CaCl; and adding 1.5 mM EGTA (solution G, table 1 in GENERAL
METHODS). The extracellular calcium concentration with this substitution was
estimated to be <10 nM. Pharmacological agents (ATP, UTP or GTP) were dissolved
directly into the extracellular solutions and bath superfused at the concentrations cited in
RESULTS. A baseline intensity level was established in standard extracellular solution

before addition of any drugs. All experiments were conducted at RT (20-22°C).



F

169

3.3 Optical Recording

Isolated RPE cells were viewed by a Zeiss 40X water immersion objective on a
Nikon UM-2 fluorsecent.microscope. RPE cells loaded with Fluo-3 AM were imaged
using a cooled Photometrics CH250 CCD camera (Photometrics, Tuscon AZ) with a 200
ms exposure time. Stimulation for the excitation and fluorescence of the Fluo-3 dye was
provided by a 100W mercury-vapor lamp filtered by a —1.6 log neutral density filter, to
minimize damage of the RPE cells with excessive light energy, and an appropriate filter
set (Nikon B-2A, excitation wavelength of 450-490 nm; emission 520-560; dichroic 510
nm). An electronic shutter (Uniblitz, Rochester, NY) was used to limit light exposure
and images (100 pixels) were recorded and saved every 5.5 sec by the [PLab Spectrum

program (Signal Analytics Co., Vienna, VI)

3.4 Quantitative Analysis

Changes in the intensity of Fluo-3 fluorescence indicate changes in
[Ca® Ii (Kao et al, 1989; Haughland, 1992). The fluorescence intensity over the RPE cell
body was measured before, during and after drug application. Changes in fluorescent
intensity were quantified by determining the increase in intensity (F) during drug
application and then normalizing this increase by dividing by the average baseline
intensity calculated for 10 images before exposure of the cell to drug (Fr: ). These
relative changes in fluorescent intensity were expressed as:

& = (F'Frest)/ Frest
F
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The AF/F values obtained for RPE cells in response to drug application are
intended only as qualitative indicators of changes in [Ca®"];, as these values are not
linearly related to absolute values of free [Ca® " J;. Using IPLab software, the AF/F values
obtained for RPE cells in response to drug application were converted into pseudocolor

image representations (see Figure 4.9 in RESULTS)

4. Materials

a,3 Methyl ATP, 2MeSATP, suramin, PPADS and pluronic F-127 were obtained
from Calbiochem (LaJolla, CA, USA). Fluo-3AM was obtained from Molecular Probes
(Eugene, OR, USA). IbTX was from Peninsula Laboratories Inc. (Belmont, CA, USA).

All other chemicals were from Sigma.
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RESULTS

1. Effects of extracellular adenosine on whole-cell current

The presence of adenosine receptors on mammalian RPE cells (Hall et a/, 1992)
suggested that these purinoceptors may play a role in modulating ionic currents in these
cells. We examined the effect of adenosine on whole-cell currents in isolated rat RPE
cells using standard intracellular (solution I, table 1 in GENERAL METHODS) and
extracellular (solution A, table 1 in GENERAL METHODS) solutions. Figure 4.1A
shows whole-cell currents recorded from a represenstative RPE cell beforeand after
puffer application of 100 uM adenosine. In this, and 8 other cells tested, the mean
amplitude of the control current measured at +58 mV (106 + 25 pA/pF) and— 62 mV (-
115+ 12 pA/pF) was unaffected by 100 uM adenosine (84+ 21 pA/pF at +58 mV and -
84+ 12 pA/pF at —62 mV) (Figure 4.1B). The results suggest that activation of adenosine

receptors in cultured rat RPE cells does not result in alterations in whole-cell current.

2. Effects of extracellular ATP on whole-cell current

2.1 ATP activates two conductances in rat RPE cells

In the absence of an effect of P, receptor activation on whole-cell currents in rat
RPE, we next examined the effects of P, purinoceptor activation. Recent evidence
supports the presence of P; receptors on mammalian RPE cells (Stalmens & Himpens,

1997b; Peterson et al, 1997). We used ATP to examine the effect of P2 receptor
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Figure 4.1 Effect of adenosine on whole-cell current in rat RPE. (A) Whole-cell
current recorded from a representative RPE cell in the absence (left panel) or presence
(right panel) of 100 uM adenosine. Current were recorded in standard 140 KCI
intracellular (solution I, table 1) and standard 140 NaCl external (solution A, table 1)
solution. Cell capacitance was 35 pF. (B) Mean = SE current amplitude (pA) measured at
+58 and —62 mV in the absence (open bars) and presence of 100 UM adenosine.

Adenosine had no effect on whole-cell current in isolated rat RPE cells (n=9).
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activation on whole-cell currents in cultured rat RPE cells in standard intracellular (solution I,
table 1 in GENERAL METHODS) and standard extracellular (solution A, table 1 in GENERAL
METHODS) recording solution. We initially chose ATP as our agonist as this nucleotide has
been demonstrated to be an effective agonist at all P,x and P,y subtypes described with the
exception of the P,ys subtype (Barnard ef a/, 1997). Figure 4.2 shows the effects of ATP on
whole-cell currents in rat RPE cells. Cells were voltage-clamped at various potentials and 100
uM ATP was applied via 4 sec puffer application. The cells were allowed to recover for a
minimum of 4 min between successive applications of ATP. Figure 4.2A shows the response of
a representative RPE cells to 4 sec puffer application of 100 uM ATP. When the cell was held at
—62 mV or —22 mV, 100 uM ATP-evoked inward current that activated rapidly and decayed only
slightly during the ATP application (Figure 4.2A). At positive potentials (+18 mV) ATP had no
effect on whole-cell current. In 57/ 92 rat RPE cells tested, ATP activated only an inward
current. In this study, RPE cells were used between 2-5 days in culture as earlier experiments
demonstrated that older cells which have begun to dedifferentiate and proliferate were not
responsive to ATP, suggesting a change in receptor and/or ion channel expresion. Loss of P2y
receptors with time in culture has been demonstrated for other cell types (Erlinge, 1998). The
mean peak amplitude of the ATP-evoked inward current measured at =62 mV was —12.5 + 1
pA/pF (n=57). The time constant (t) for deactivation of the cation current, measured from the
peak of the inward current, varied widely from 4.6 to 14 sec ( 8.3 + 0.7 sec).

Figure 4.2B shows the current-voltage plot for a representative RPE cell before and after
puffer application of 100 uM ATP. The I-V plots were obtained from voltage ramp comands

between —122 and +48 mV. Very little whole- cell current is present in this cell before drug
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Figure 4.2. ATP activates two conductances in rat RPE cells. (A). ATP activates an inward
cation current. The left panel shows the current activated by 4 sec puff application of 100uM
ATP in a representative RPE cell held at ~62, -22 and +18 mV. Fast-activating inward current is
apparent at —62 and -22 mV with little current at +18 mV. Cell capacitance was 35 pF. (B).
shows I-V curves for another RPE cell constructed from 2 sequential 8 sec voltage ramps
between —122 and +38 mV in absence or presence of 100uM ATP. The activation of an inwardly
rectifying current is apparent. (C) ATP activates a biphasic conductance change. The left panel
shows the current activated by 4 sec puff application of 100uM ATP at —62, +22 and +38 mV in
a representative RPE cell. Cell capacitance was 22 pF. Inward current is apparent at -62 mV and
outward current is evident at depolarized potentials. (D). The I-V curves for S sequential 8 sec
voltage ramps obtained from a representative RPE cell with a biphasic response to ATP is shown
in the right panel. In the presence of ATP activation of fast inward current (ATP 1) is followed

by activation of a large outwardly rectifying current (ATP 2).
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application. The I-V curve shows a small inwardly rectifying current that reverses around
—- 52 mV. Very little outward current is apparent. Puffer application of ATP in this cell
evoked a large inward current at all potentials negative to 0 mV. The ATP-activated
current shown in Figure 4.2B was obtained by subtracting currents recorded under
control conditions from currents recorded during ATP application. The current induced
by ATP was inwardly rectifying and reversed direction close to 0 mV, suggesting the
activation of a cation conductance.

In 35/92 RPE cells tested we also noted that ATP induced a biphasic conductance
change. Figure 4.2C left panal, shows a representative RPE that had a biphasic response
to 100 uM ATP, suggesting activation of two conductances. At a holding potential of -62
mV the fast inward current described above is apparent. However, in contrast to Figure
4.2A, at positive potentials (+18 and +38 mV) the activation of a large outward current is
apparent. The I-V relationships shown in Figure 4.2D were obtained from five sequential
8 second voltage ramps between —122 and +48 mV in a representative RPE cell that had a
biphasic response to ATP. Control current, in the absence of drug, had both an inward
and outwardly rectifying conductance that activated around — 40 mV. Puffer application
of ATP initially activated the fast inward current which shifted the reversal potential of
the whole-cell current 25 mV positive (ramp 1). Subsequently, the ATP-induced inward
current decreased at potentials between —122 and —62 mV, but began to increase at more
positive potentials (ramps 2-4). When the inward current had returned to control values
the outward current was still increased over control. The peak of the outward current
(ramp 2) was reached within 16 sec of ATP application at which time the I-V relationship

reveals an outwardly rectifying current that reverses at —56 mV. In most RPE cells
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showing this biphasic response there was prominent delay between activation of the
inward current and peak of the outward current. The slow shift in the reversal potential
from -15 mV to -65 mV, towards the calculated reversal potential for K™ (-84 mV) under
our experimental conditions, suggested that, in addition to a cation current, ATP was also

activating a K™ -selective current in rat RPE cells.

3. ATP-activated cation conductance

3.1 Nonselectivity of the cation current

We characterize the ionic selectivity of the ATP-activated voltage-dependent
inward current using low CI intracellular solution (solution I, table 1in GENERAL
METHODS) designed to separate Cl currents (reversing around — 40 mV) from cation
currents (reversing at 0 mV). Under these recording conditions the ATP-activated current
reversed closer to that expected for a cation selective channel (~1.5 £ 1 mV; n=27)
suggesting that the current activated by ATP was carried by cations and not CI". To
further verify this, we also tested the sensitivity of the ATP-activated inward current to
the disulphonic stilbene DIDS, which has been demonstrated to block CI' channels in a
variety of cell types, including the RPE (Hughes & Segawa, 1993; Stauf e al, 1998).
Micromolar amounts of DIDS have also been shown to block native P2X purinoceptors
in superior cervical ganglia and cloned P,x purinoceptors from smooth muscle cells
(Connolly and Harrison, 1995; Evans et al, 1995). Neither the reversal potential nor the
amplitude of the ATP-activated inward current measured in 4 RPE cells at =69 mV (-225

* 92 pA) was significantly affected after S min superfusion of the cells with 500 uM
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DIDS (-170 £ 57 pA). These results rule out the involvement of CI" current and identify
the conductance activated by ATP as a nonselective cation current.

We investigated the cation selectivity of the ATP-inward current by substituting
extracellular Na~ with other monovalent cations. Figure 4.3 A shows the current voltage
plot for a representative RPE cell which displayed ATP-activated inward current but no
outward current. The ATP-induced inward current was recorded in standard recording
solution (solution A, table 1in GENERAL METHODS) and in solution in which
extracellular Na™ was replaced with NMDG (solution D, table lin GENERAL
METHODS). Substitution of Na™ for NMDG shifted the reversal potential of the ATP-
activated current from -5 mV to -45 mV and reduced the current amplitude measured at -
62 mV from -15 pA/pF to -4 pA/pF. In cells with a biphasic response to ATP the late
outward current amplitude and reversal potential were unaffected by cation substitution
but in all cases substitution of extracellular Na™ for choline or NMDG significantly
reduced the amplitude of the ATP-activated inward current. The mean current amplitide
for the ATP-activated inward current measured in 5-7 cells in standard Na™ (-18 + 2
PA/pF), choline-substituted (-9 +2 pA/pF; solution B, table 1) or NMDG-substituted (-5 =+
0.6 pA/pF) solutions are shown in Figure 4.3B.

The fast activating, ATP-induced inward current recorded in cultured rat RPE
cells has electrophysiological charcteristics identical to those described for cloned and
native P2X purinoceptors (Humphrey er al, 1995; Soto et al, 1996). Similar to other P2y
receptors, this current was also highly permeably to monovalent cation but not anions.
These findings are consistent with the involvement of a P2X receptor subtypes in gating

the inward current activated by ATP in rat RPE cells
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Figure 4.3 Inward current activated by ATP is a nonselective cation current. (A)
Representative current-voltage curves for the ATP-activated inward current in a
representative rat RPE cell showing the effect of extracellular Na™ replacement. When
Na’ (solution A, table 1) was substituted for by NMDG (solution D, table 1), current
magnitude was significantly reduced and current reversal potential shifted from -5 to -40
mV. (B) Histogram shows mean + SE amplitude of the ATP-activated cation current

measured at -69 mV in 5-7 cells.
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3.2 Sensitivity to extracellular Ca**

Nonselective cation channels gated by P.x receptors are not only permeant to Na”
and K™ but also have varying degress of permeability to larger divalent cations such as
Ca®” (Humphrey et al, 1995; Soto et al, 1996). We examined the effects of extracellular
Ca’” on the ATP-induced cation current by activating the current in nominally Ca®"-free
external solution ([Ca®"], < 10 nM; solution G, table 1 in GENERAL METHODS).
Figure 4.4 shows the mean current amplitude of the ATP-activated inward current
measured at —69 V in 4 RPE cells bathed in regular (2 mM) or nominally Ca® -free (<10
nM) extracellular solution. Removal of extracellular Ca®” slightly reduced the current
ampltude measured at —-69 mV in 3/ 4 cells tested from -9+ 1 pA/pF to ~7+0.8pA/pF,
corresponding to a mean decrease of 23 + 8 % (p>0.05). These results suggest that
extracellular Ca®” influx does not contribute significantly to the current flow through this

nonselective cation channel.

3.3 Effect of the P; antagonists PPADS and suramin

In attempts to identify the subtype of P,x purinoceptor, the sensitivity of the ATP-
activated inward cation condutance to pharmacological blockade by PPADS and suramin
was investigated. PPADS and suramin have been purported to act as selective antagonists
at P, receptors and for many years they have been use as pharmacologic tools to
discriminate between P2 and Pay receptors (Surprenant er al, 1995; Buell et al, 1996).
More recent evidence, however, indicates that these antagonists lack selectivity for Pz

receptors and are weak or ineffective blockers at certain P2, receptor subtypes,
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Figure 4.4. ATP-activated NSC current is not affected by removal of extracellular
Ca®". Bar graph shows mean + SE current amplitude for the ATP-activated NSC current
measured at —-69 mV. Open bar is mean amplitude of the ATP-activated NSC current in 3
RPE cells bathed in 2 mM Ca®" extracellular solution (Solution A, table 1). Hatched bar
shows mean current amplitude of the ATP-activated NSC current measured in the same 3
cells in nominally Ca* -free extracellular solution ([Ca*"}<100 nM; solution G, table 1).
Amplitude of the cation current is not significantly affected by removal of extracellular

Ca®” (p>0.05). Data has been normalized for cell capacitance.



—
&

(4d/vd) Aw 69- 3B JUBLINY



185

and thus their use as tools for characterizing P2 purinoceptors is limited (Humphrey et al,
1995; Barnard et al, 1997).
Figure 4.5A shows the mean I-V curve for the ATP-activated inward current

measured in the presence and absence of 100 uM of the P, antagonist suramin. In all 3

cells tested neither the amplitude nor the reversal potential of the inward cation current
was significantly affected by a 15 min exposure to this antagonist. Figure 4.5B shows the

mean (+ SEM ) data for the effect of 100 UM suramin or PPADS on the inward current
activated by 100 uM ATP. Peak current amplitude for the ATP-induced inward current

was measured at —69 mV in the same 3 cells in the absence and presence of antagonist.
Cells were allowed 10 min period between succesive ATP applications, a time that has
been previously shown (see Figure 4.2) to allow for recovery from receptor
desensitization. The mean amplitude of the cation current activated by ATP in the
absence of either antagonist (-9 = 1 pA/pF and -17 £ 9 pA/pF ) was not significantly
affected by either suramin (-13 + 7 pA/pF) or PPADS (-15 * 10 pA/pF ). The
concentration and duration of application of suramin and PPADS used in this experiment
has been shown to inhibit currents through native and cloned Pyy;, P2z P23 and Pays
purinoceptors in a variety of cell types (Barnard e a/, 1997). However, P2,s and Pa
purinoceptors have been found to be resistant, or at least partially resistant, to antagonist
blockade (Collo ef al, 1996; Soto et al, 1996), suggesting the possibilty that one of these

subtypes is involved in gating the ATP-activated cation current in rat RPE cells.
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Figure 4.5. ATP-activated NSC current is insensitive to P, antagonists. (A) Mean =

SE current-voltage plot for the ATP-activated inward current measured in 3 RPE cells in
the absence (V) or presence (O) of 100 uM suramin. (B) Bar graph shows the mean =
SE amplitude of the ATP-activated inward current measured at —69 mV in the same 3
cells before (open bars) and after (closed bars) 15 min bath superfusion with 100 uM of
the P antagonist suramin (n=3) or PPADS (n=3). Neither P, antagonist had any effect on
the amplitude of the ATP-activated NSC current. Data has been normalized for cell

capacitance.
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4. ATP-activated K' current

4.1 Pharmacological characterization of the ATP-activated K current

To confirm that the delayed outward current activated by ATP was K -selective, we tested
its susceptibility to blockade by a number of known K -channel blockers. Figure 4.6A shows [-V
curves for the ATP-activated cation currents in a representative RPE cell that exhibits a biphasic
response to ATP. Puffer application of 100 uM ATP initially only elicited the fast inward
nonselective cation current that reverses close to 0 mV. Subsequently, 10 sec after ATP
application at which time the fast inward current had decayed, a delayed outwardly rectifying
current activated and the reversal potential for the whole-cell current shified to —-66 mV, towards
the reversal potential for K™ under our recording conditions (see inset). Figure 4.6B shows the I-
V curve for the same RPE cell 5 min after superfusion with 5 mM Ba®". This concentration of
external Ba®~ has been shown previously to block K -selective outward currents in our cultured
rat RPE cells (see Chapter 3, section 4.2). Puffer application of 100 uM ATP, as before, activates
the fast inward cation current in the presence of Ba’” (Erev = 0 mV). However, the second I-V
plot recorded 10 sec after ATP application had very little whole-cell current, indicating that Ba®"
blocked activation of the ATP-activated outwardly rectifying current. Figure 4.6C shows the
mean (+ SE) current amplitude of the ATP-activated outward current measured at +31 mV in the
same 10 cells in the absence or presence of 5 mM Ba 2" 10-15 sec after ATP application. The

amplitude of the ATP-activated outward current under control conditions (703 £200 pA) is

significantly reduced (p<0.05) in the presence of Ba®>" (50 + 14 pA). Figure 4.6D shows the
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Figure 4.6. ATP activates an outwardly rectifying K™ current in rat RPE cells. (A)
Current-voltage (I-V) plots for a representative RPE cell that has a biphasic response to
puffer application of 100 uM ATP. ATP-initially activates a NSC current that reverses
around O mV (@). 10 sec after ATP application the inward cation current is inactivated
and an outwardly rectifying current is now apparent that reverses at —70 mV (a). B. The
[-V plot shows ATP-activated current measured in the same RPE cell after a 10 min bath
superfusion of 5 mM Ba®". ATP still activates the initial fast inward cation current (@),
but the activation of the outward current is abolished (a). (C) The histogram shows mean
= SE current amplitude measured at +31 mV in 10 RPE cells. ATP (black) significantly
increased the outward current measured at +31 mV and this increase was blocked by 5
mM Ba®". (D) The histogram shows mean = SE reversal potential for the ATP-activated
current measured during and 20 sec after puffer application of 100 uM ATP in 6 RPE

cells in the absence (open bar) and presence of S mM Ba*” (black bar).
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effect of S mM Ba 2" on the reversal potential of the ATP-activated outwardly rectifying
K" current measured 40 sec after puffer application of 100 uM ATP. In the absence of
Ba®", the mean (+ SE) reversal potential of the ATP-activated K™ current was -68 + 3 mV

(n=6). In the same 6 cells superfused with S mM Ba®", the reversal potential of the ATP-

activated current measured 40 sec after ATP application was -9 + 8 mV indicating that

Ba®” blocked activation of the delayed outwardly rectifying K™. The shift in the reversal
potential of the ATP-activated outward current towards the K~ equilibrium potential (Ex=
-84 mV) and the sensitivity of the outward current to Ba®" ions confirms that ATP is
activating a K -selective current in addition to a nonselective cation current in rat RPE
cells.

A least two major types of outward K selective currents, a delayed rectifying K~
current (Ixv) and a “maxi” K~ or large conductance calcium-activated K~ current
(I k¢cay), have been described in mammalian RPE cells (Strauss ef a/, 1994; Tao et al,
1994;Tao & Kelly,1995). We wanted to test the hypothesis that the delayed K™ current
activated by ATP was an Ca® -activated K~ current. To do this we looked at the
sensitivity of the ATP-activated outward current to the selective “maxi” K~ channel
blocker iberiotoxin (Giangiacomo et al, 1993 & 1993). IbTX has been shown to potently
block agonist stimulated activation of I kca) in ocular epithelial cells (Tao et al, 1995;
Ryan er al, 1998). Figure 4.7 shows the mean increase in current amplitude of the ATP-
activated outward K™ current in RPE cells in the presence or absence of 10 nM IbTX.

Puffer application of 100 uM ATP in the absence of IbTX increased outward K™ current
between 23-110% (56 * 27) in 3 RPE cells tested. Superfusion of the same 3 cells with

10 nM IbTX for S min significantly reduced the ATP-induced increase in Ix. IbTX
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Figure 4.7. ATP activates an IbTX-sensitive outward K" current. Histogram shows
mean * SE percentage increase in outward current measured at +31 mV. 100 uM ATP
(open box) significantly increased the outward current. In the presence of 10 nM IbTX

(hatched box) the ATP-induced increase in outward current is reduced.
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completely blocked Ik activation in one cell and reduced the increase in outward current
to 2.7 and 9.6 % in the two other cells tested (4 + 2.7). The ability of IbTX to block

the effect of ATP demonstrates that the outwardly rectifying K™ current activated by
purinoceptor activation in rat RPE cells is a Ca*"-activated “maxi” K~ current (Ixca).
The finding that ATP activates a calcium-activated K current, suggests that
purinoceptor activation in rat RPE cells is linked to a rise in [Ca *}; . In a variety of cell
types, including the RPE (Sullivan ef a/, 1997; Peterson et al, 1997), activation of
metabotropic P,y receptors have been shown to be coupled to elevations in intracellular
[Ca®" }i. This suggests that a P2, receptor-coupled signaling pathway may be involved in

Ik(cayactivation in rat RPE.

S. Effect of other nucleotides

To further characteriz.e the subtypes of purinergic receptors involved in the
activation of the cation and K~ current in RPE cells, we tested the effect of different
purinoceptor agonists. Originally, the potency of these agonists at purinoceptors was used
as a means to discriminate between different P, purinoceptor families. For example,
sensitivity to 2MeSATP was previously thought to reliably indicate the involvement of
P,, purinoceptors and responsiveness to o3 methyl-ATP was considered indicative of
P2« purinoceptors. The use of these agonists to identify P, receptor families is now being
challenged as 2MeSATP has been shown to act as a potent agonist at some P, subtypes,
and its potency at P2, subtypes ranges from very effective to virtually ineffective.
Similarily, o, methyl-ATP has been found to have little or no activity at some P2

subtypes. Its lack of effect on virtually all P,, receptors however, still makes it a useful
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pharmacological tool to make putative distinctions between P, subtypes (Humphrey er al,
1995; Barnard et al, 1997).

Figure 4.8A, summarizes results of experiments where RPE cells were exposed to
100 uM of either ATP, UTP, 2MeSATP, ADP or o, B-methylATP. All agonists, with the
exception of a3 methyl-ATP, were equally effective in activating the inward cation
current. Inward current was never observed in rat RPE cells exposed to o, methyl ATP.
The mean current amplitude of the inward cation current measured at .69 mV evoked by
UTP (-12 = 6 pA/pF; n=7), ADP (-10 = 2.4; n=6) or 2 MeSATP (-15 + 3 pA/pF; n=5)
was not significantly different from the inward cation current activated by ATP (-12.5 1
PA/pF; n=57). Thus, all P; agonist tested in this study were equal in their ability to

activate the P, receptor subtype gating the nonselective cation current.

Figure 4.8B shows the effectiveness of ATP and its analogues to activate the K~
current in rat RPE cells. Similar to the findings with the inward cation current, a8
methyl-ATP was ineffective in all cells tested but outward K™ current was activated with
similar frequency in RPE celis treated with ATP, UTP, 2MeSATP, or ADP. The mean
amplitude of the nucleotide-activated outward current measured at +31 mV showed no
significant differences between analogues. However, the outward current activated by

UTP (12 + 3 pA/pF; n=6) was reduced in amplitude compared to that activated by ATP
(23 £ 6 pA/pF; n=28), 2MeSATP (25 * 6 pA/pF; n=3) or ADP (27 + 8 pA/pF; n=6). This
suggests that in rat RPE cells UTP may be a slightly less effective agonist for the P,y

receptor involved in Ik, activation.

The pharmacological profile (ATP=UTP=2MeSATP=ADP) for the inward cation

conductances activated in rat RPE cells fits none of the described purinoceptor
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Figure 4.8. Effect of other P2 agonists on whole-cell current in rat RPE cells. (A) Bar
graph shows the mean = SE amplitude of inward NSC current measured at -69 mV
activated by ATP (open bar; n = 57), UTP (stripped bar; n = 7), 2MeSATP (black bar;

n =35) or ADP (hatched bar n = 6). (B). Bar graph shows mean = SE amplitude of the
outward K~ current (Ik.) activated by ATP (n = 23), UTP (n = 6), 2MeSATP (n=3) or
ADP (n = 6). Nucleotide-activated Ixc.)was measured at + 31 mV. All agonist were
applied by puffer for a duration of 4-10 sec. All data has been normalized for cell

capacitance.
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phenotypes. However, the lack of sensitivity to o, methylATP and the antagonists
PPADS and suramin, as well as the absence of receptor desensitization associated with
the effects of ATP, 2MeSATP and ADP, most closely resembles the profile described for
the cloned P34 or P2y receptor subtypes (Barnard et a/, 1997). For the activation of

I k(ca) by a putative P,y receptor in the rat RPE, the rank order of agonist sensitivity
(ATP=2MeSATP=ADP>UTP) most closely resembles that described for the cloned P23

receptor subtype.

6. Intracellular calcium responses
6.1 ATP and UTP increase [Ca **].

The activation of an IbTX-sensitive K™ (c,) current by ATP suggested the
involvement of a G protein-coupled P2, purinoceptor in the rat RPE. To determine if ATP
activates Ca’ -signaling pathways in the RPE we used the calcium indicator dye Fluo-3
as a qualitative measure of alterations in [Ca®” ]; (Kao et al, 1993). The top of panel of
Figure 4.9 shows light microscope (A) and pseudocolor image (B) of the [Ca®” J;
response in a representative RPE cells in response to bath superfusion of 100 uM ATP.
ATP caused an initial transient increase in the intensity of Flou-3 fluorescence in this
cell, indicative of an increase in [Ca®™ ];. This rapid peak increase was followed by a
phase of slow decrease in which [Ca®" ]; remained elevated above baseline for ~ 3 min.

The AF/F for this cell was 0.27 (see lower panel, Figure 4.9 B). The mean AF/F (+ SE)

response to 100 uM ATP in 7 RPE cells tested was 0.1+ 0.03.
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Figure 4.9. ATP-evoked increases in [Ca’*];. (A) Light microscope image of a
representative RPE. (B) Pseudocolor image of the same RPE cell illustrating the increase

in [Ca®"}; in response to bath application of 100 uM ATP.(C) Time course of the change

in [Ca*7]; in response to 100 uM ATP for the same cell.
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Not all RPE cells exposed to ATP responded with an increase in [Ca®” ];. In some
cases, the dense pigmentation of the cells made it impossible to detect any significant
changes in fluorescence. Similar difficulties have been reported for optical indicators,
like Fluo-3, used to measure cytosolic free Ca’" in pigmented tissue (Tsein, 1988). In
other RPE cells, unresponsiveness to ATP was correlated with cells that had lost their
pigmentation and begun to spread and proliferate. Similar heterologous Ca®” responses to
ATP in ocular epithelial cells have also been attributed to differentiation of cells in
culture (Churchill & Louis, 1997). This observation is consistent with our finding that
effect of ATP on whole-cell currents was abolished with time in culture suggesting
changes in receptor-effector coupling and/or ion channel expression.

Bath superfusion of 100 UM UTP also caused a large transient increase in [Ca *'J;
followed by a slow decrease back to baseline (Figure 4.10). For the representative RPE

cell shown in Figure 4.11 A and B the AF/F was 0.1. In 2 other cells tested the mean
response to 100 uM UTP was 0.09 + 0.02. This mean response to UTP was not

significantly different from that obtained for ATP suggesting that both agonists were
equipotent in mediating elevations in [Ca®"];. The mean fluorescence baseline signal or
the stimulated increase in [Ca*"]; did not significantly change for repeated applications of
either ATP or UTP. This indicated that the calcium response was not desensitizing and
that the cells were not affected significantly by photobleaching.

Although we did not test the effect of other P, agonists on [Caz’]; , we did examine
the effect of another purine nucleotide guanosine triphosphate (GTP). GTP has little, if
any effect on P, or P2y purinoceptor subtypes. Figure 4.11 shows an RPE cell that

responded to 100 uM ATP with a significant increase in [Ca®*"]; (AF/F = 0.1). Bath
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Figure 4.10. UTP-evoked increases in [Ca®']. (A) Light microscrope image of a
representative RPE cell loaded with Fluo-3. (B) Pseudocolor image of the same RPE cell
showing the increase in [Ca®"}; in response to bath application of 100 uM UTP. (C) Time
course of the change in [Ca®*’]; in response to 100 pM UTP for the same cell shown in A

and B.
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Figure 4.11. Selectivity of the ATP response. Time course of the intracellular Ca®”
response in a representative RPE cell loaded with Fluo-3 to bath of application 100 uM
ATP (B), 100 uM GTP(C) and (D) a second application of 100 uM ATP. The [Ca®"};

response in rat RPE cells is selective for adenine nucleotides.
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application of 100 uM GTP in the same cell failed to produce any detectable change in

fluorescence. A second application of ATP however, produce a response that was

undiminished from the initial change in [Ca®"); (AF/F = 0. 13). The lack of effect of GTP

suggests that the Ca®” response is selective for adenine nucleotides.

6.2 The role of extracellular Ca**

The increase in [Ca®’; elicited by ATP/UTP could have resuited from an influx of
extracellular Ca®>” or from efflux of Ca>" from intracellular stores. In an attempt to
identify the source of Ca>~ mobilized in response to ATP, we measured the change in
fluorescence in the absence of extracellular Ca 2~ ([Ca’ o). Figure 4.12A shows the

response of a representative RPE cell to stimulation with 100 uM ATP in regular external
Ca’” (2mM) and nominally Ca®" -free external solution with 1.5 mM EGTA added. The
[Ca®’]; response was slightly reduced (AF/F=0.011) in nominally Ca®" -free solution
compared to the first ATP application in 2 mM [Ca®"], (AF/F = 0.02). With subsequent
superfusion in regular external solution, the response to ATP was slightly restored
(AF/F= 0.016). The average reduction in the [Ca®"]; response measured in Ca®" -free
solution was 38 + 12 % (n=3) and the ATP response recovered to 70 + 5% of control
values following reperfusion with 2 mM [Ca®),. However, figure 4.12B demonstrates
that the mean AF/F values in nominally Ca®" -free solution (0.035 + 0.014) was not
significantly different from the first (0.065 + 0.036) or second (0.042 + 0.021) ATP

application in regular Ca*” solution.
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Figure 4.12. ATP-evoked increase in [Ca®’]; is not dependent on extracellular Ca?*
influx. (A) Optical recording from a representative RPE cell illustrating the effect of
Ca’"-free extracellular solution on the ATP-evoked increase in [Ca®"].. Removal of
extracellular Ca*®" failed to abolish the ATP effect. (B). Histogram shows mean + SE data
for the ATP-evoked increase in [Ca®"); measured in the same 3 RPE cells in 2 mM
external Ca®” (open bar), in Ca*"-free external solution (stripped bar) and after
reperfusion with 2 mM external Ca®” (hatched bar). Removal of extracellular Ca>" failed

to significantly effect the amplitude of the ATP-evoked increase in [Ca®”];.
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The use of heavily pigmented cells in this experiment lead to a high signal-to-
noise ratio. This made it difficult to definitively determine if there were any quantitative
differences in the latency to onset, peak amplitude or duration of the [Ca®"]; response in
the absence of external Ca>". The decline in the peak response that was observed when
cells were bathed in nominally [Ca®"], —free does suggests that a small influx of [Ca® ],
may contribute to the [Ca®"]; response elicited by ATP. This hypothesis is supported by
the observation that when Ca®” was added back to the bathing solution, the [Ca®}; signal
recovered slightly towards control values. This small decrease (38%) in Fluo- signal is
comparable with the decrease in the current amplitude of the ATP-activated P,y receptor
(23%) we observed under similar nominally [Ca®"], free conditions. These findings
suggest that some Ca’  influx via P2>x receptors may contributed to the increased Fluo-3
fluorescence. However, the ability of ATP to evoke a [Ca®"]; response in the absence of
extracellular Ca?” indicates that intracellular Ca®” release plays a more dominant role in
mediating changes in cytosolic free Ca®”. These results further support the presence of
metabotropic Py, receptors coupled to intracellular Ca’" release in rat RPE cells. ATP and
UTP were equipotent in mediated increases in [Ca®"];. a characteristic that is most
consistent with the pharmacological profile of cloned and native P33 or P;y4

purinoceptors (Barnard ef al, 1997).
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DISCUSSION

This study demonstrates that extracellular ATP activates two cation conductances
in the rat RPE. Actions of adenine nucleotides on cation currents have not previously
been described in rat RPE cells. In the majority of cells, ATP activated an inwardly
rectifying nonselective cation conductance suggesting the first evidence for existence of
P2x purinoceptors in the RPE. In cells with a biphasic response to ATP, the activation of
the inward current was followed by the activation of a calcium-activated K~ (Ixcay). ATP-
evoked elevations in [Ca®"]; in the absecence of extracellular Ca?” suggested that P,y
purinoceptor-mediated intracellular Ca’” release may be involved in Ik, activation. The
following sections detail the effect of ATP on whole-cell current and [Ca®J; in rat RPE
cells and extends the discussion to possible roles of extracellular nucleotides as autocrine

and/or paracrine modulators of RPE function in vivo.

1. Nucleotide-activated nonselective cation current

The initial transient inward current activated by ATP was identified as a
nonselective cation current based on several observations. The ATP-activated inward
current reversed close to O mV in regular solutions and in solutions at which E¢;was set
at ~ —40 mV suggesting that the current was selective for cations. Nonselectivity of the
current was confirmed by experiments demonstrating that large cations, such as choline
and NMDG, were also able to permeate the ATP-activated channel. Removal of
extracellular Ca®” had no significant effect on the ATP-activated inward current but did

slightly reduce the current amplitude in % cells tested. Despite this small reduction, it is
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unlikely that ATP-evoked Ca’" influx via the NSC channel contributes significantly to
the membrane currents under physiological conditions. The I-V plot for the ATP-
activated nonselective cation current showed strong inward rectification. Inward
rectification is a common feature of ligand-gated P,x channels in virtually all cell types
studied (Humpbhrey ez al, 1995). Thus, the electrophysiological characteristics of the
ATP-activated ion channel we have identified in rat RPE cells are consistent with the
presence of Pax purinoceptors.

P2x purinoceptor subtypes are classified on the basis of a number of different
properties including their rate of desensitization. Of the seven subtypes characterized thus
far, only P2x1 and P,x3 purinoceptors markedly desensitized when the application of ATP
is continued for several seconds. We routinely exposed RPE cells to 4 sec puffer
application of ATP without any marked desensitization over the length of the puff or
during repeated drug applications. This finding suggest that P2x; or Pax3 receptors do not
gate activation of the ATP-evoked cation current in rat RPE. Interestingly,
desensitization of Pax; and P2x3 receptors is correlated with full agonist sensitivity to o, B
methylATP (Surprenant et al, 1995). Conversely, in those subtypes where desensitization
is absent (P2x2, Paxd4, Paxs or Paxe), a8 methylATP is not an effective agonist (Barnard er
al, 1997). Consistent with these observations, our P,x -activated nonselective cation

conductance was insensitive to a,3 methyl ATP, suggesting the involvement of a non-

desensitizing, a,3 methyl ATP insensitive P2x subtype.
The identification of P2x purinoceptors is hindered by the lack of subtype specific
blockers. Suramin and PPADS were once considered to be selective antagonists for the

P.x receptor family. These antagonists however, are no longer considered selective for a



given P, purinoceptor family or subtype. They are weak or ineffective at some P,x
subtypes and antagonize responses to virtually all P,y subtypes identified as well
nicotinic, GABA- and glutamate- gated ion channels (Humphrey ef al, 1995). ATP-gated
nonselective cation channels in rat RPE cells were insensitive to both PPADS and
suramin at a concentration of 100 UM ATP. Of the seven Px subtypes only two have
been found to be resistant, or partially resistant, to antagonist blockade by suramin and
PPADS. The P2x4 purinoceptor cloned from rat brain is virtually insensitive to suramin
and PPADS at concentrations between 100 uM and 500 uM (Soto et al, 1996; Buell ef al,
1996). Similarly, the cloned P2xs receptor is unaffected by PPADS or suramin at
concentration between 1 uM and 30 uM (Collo er al, 1996). Higher concentrations (>30
uUM) of these antagonists however, produced a small reversible inhibition that was
attributed to nonselective effects. The antagonist insensitivity of our ATP-evoked
response, even at high concentrations, suggests the involvement of a Paxs and/or Paxs
purinoceptor subtype in rat RPE cells.

Based on the pharmacological profile and desensitization characteristics, the P,y
receptor in RPE cells most closely resembles the cloned P,x; and/or Pyxs. These receptors
are unaffected or only weakly activated by o, methylATP, they show little
desensitization during ATP application and are not antagonized by suramin or PPADS
(Barnard er al, 1997, Boarder & Hourani, 1998). However, comparison of the agonist
profile obtained for the ATP-activated inward cation current in rat RPE cells
(ATP=UTP=2MeSATP=ADP) correlates poorly with the potency profiles reported for

cloned P;x4 (ATP> 2MeSATP >>>ADP) and P,xs (ATP> 2MeSATP>>> ADP)

receptors. However, it is plausible that the concentration of agonist (100 M) used in this
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study was supramaximal for the response and thus obscured any differences that existed
in the potency profile. We also found that UTP was equally as effective as ATP,
suggesting that this uridine nucleotide is a full agonist at the P,x receptor in rat RPE
cells. This finding is in direct contrast to cloned P.x receptors where UTP is completely
ineffective (Buell er a/, 1996) and in cloned P,y receptors where an effect of this
pyrimidine nucleotide has not yet been reported. Very few reports, in fact, have document
effects of UTP at P,x purinoceptor suptypes. Recently, in dorsal root ganglion neurons, it
has been demonstrated that UTP mediates transient inward currents via stimulation of
P2x3 purinoceptors (Rae ef al, 1998). Similarly, UTP has been reported to activate an
inward cation current gated by Py receptors in rat vascular smooth muscle cells
(McLaren ef al, 1998). These findings support our findings that UTP gates a nonselective
cation current via P,x receptor activation in rat RPE cells.

A full agonist action of UTP, and other discrepancies in the agonist profile, makes
it difficult to assign the nucleotide response in rat RPE cells to any one given Pax
subtype. Discrepancies in pharmacological profiles have also been reported between
cloned and native P,x purinoceptors in variety of cell types. It is plausible that our results
are indicative of a combination of two or more homomeric purinoceptors, giving a novel
pharmacological profile. A number of P2x receptors have been shown to associate in
multimers resulting in pharmacological and kinetic profiles different from homoligomeric
channels. For example, in sensory neurons it has been proposed that the response to ATP
is mediated via a P,x2-P2x3 heteromultimer (Lewis ef al, 1995). Alternatively, the
pharmacological profile obtained in the rat RPE may also be indicative of P,x receptor

heterogeneity. In many cell types P.x receptor expression is not limited to only one
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subtype (Nori ef al, 1998; Humphrey et al/, 1995). The inward cation current in rat RPE
cells could therefore be gated by multiple P,x subtypes, each with subtle differences in
their sensitivity to purinoceptor agonists.

In many cases the agonist activity profiles for Pox receptors are affected by the
activity of ectoenzymes and/or ectokinases on cells (Ziganshin et al, 1994; Humphrey et
al, 1995). It is unlikely that break-down of the nucleotides was a complicating factor in
our experiments since our measurements were made very quickly with short application
of the agonist directly on the cell. One factor we could not control for however, was the
possibility that our nucleotides were not pure. Contamination of commercially available
purinoceptor agonists has been suggested as a source of error in agonist activity profiles

(Bamard ez al, 1997).

2. Nucleotide-activated calcium-sensitive K current

In a subpopulation of RPE cells ATP activated an outward current whose onset
was slightly delayed compared to the NSC channel. The I-V relationship indicated that
the delayed current activated at negative potentials and was outwardly rectifying at
depolarized potentials, indicating the activation of a K™ current. ATP-evoked activation
of this current was sensitive to the selective “maxi” K~ channel blocker IbTX, identifying
it as a Ca’"-activated potassium current (Ixccay). “Maxi”- Kca channels are large
conductance K™-selective channels that have been described in a variety of cell types
(reviewed by McManus, 1991). Despite their ubiquitous nature, K¢, channels share
common characteristics including activation by both Ca>” and membrane depolarization

and sensitivity to IbTX. Intracellular Ca®" ions activate these channels by interacting
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directly with the cytosolic surface of the channel protein and Ik(ca) channels are targets for
modulation by a number of different agonists linked to signaling pathways that stimulate
elevations in [Ca®]; (Marty, 1987 and 1989; Jacob, 1996b). An IbTX-sensitive Ixcs) in
rabbit RPE, similar to the one activated by ATP in rat , has been shown to be activated by
a-adrenergic-induced elevations in intracellular Ca*” (Tao & Kelly, 1995; Tao & Kelly,
unpublished observations).

ATP activation of Igc,) in rat RPE cells suggested that ATP-evoked elevations in
[Ca®"]; were involved in mediating channel activation. In a number of cell types
purinergic agonists have been shown to regulate ion channels that are sensitive to

[Ca®"); . In vascular smooth muscle an ATP-mediated [Ca®"); increase has been shown to
result in activation of both a Ca*"-sensitive CI” and K~ channel (Strobaek et al, 1996).
Ca’"-activated K~ conductances have also been reported to be activated by ATP in
colonic smooth muscle (Koh ef a/, 1997), rat osteoclasts (Weidema ef al, 1997) and
mouse microglia (Waltz et al, 1993). More recently, in monolayers of bovine RPE,
ATP-evoked elevations in [Ca®"]; were reported to be involved in mediating changes in a
basolateral CI and apical membrane K~ conductance (Peterson er a/, 1997). In all these
studies, ATP-mediated activation of Ca®” -sensitive ion channels was linked to Poy
purinoceptor activation coupled to intracellular Ca®” stores release. All Poy purinoceptor
subtypes belong to the superfamily of seven transmembrane G protein-coupled receptors.
Intracellular Ca®” responses appear to be mediated via PTX-insensitive Gq/G11 proteins
linked to a PLC/ [P; signaling pathway (Heilbronn et al, 1997; Salter & Hicks, 1995)
although PTX-sensitive P,y purinoceptor responses have also been discribed (Dubyak et

al, 1988; North & Barnard, 1997). Based on these studies, and our experimental findings,
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we propose the presence of a functional P,y purinoceptors in rat RPE linked to increases
in intracellular [Ca’"}; that stimulates I K(Ca) activation.

Although the PLCB isoform is the primary effector mechanism for P,y
purinoceptors, these receptors have also been linked to activation or inhibition of various
other effector systems including: adenlylate cyclase, phospholipase D, phopholiapse A.,
tyrosine kinase and mitogen-activated protein kinases cascades (Murthy & Makhlouf,
1998, Soltoff er al, 1998; Boarder & Hourani, 1998). In addition to second messenger-
mediated signaling pathways, a possible role for membrane delimited activation of ion
channels by P,y -coupled G protein subunits has also been proposed for the activation of
K" channels in brain endothelial cells (Ikeuchi & Nishizaki, 1995 & 1996).

Functional and molecular studies support the existence of G protein-coupled P,y
purinoceptors in the mammalian RPE. In bovine and human RPE cells, purinergic-
mediated elevations in cytosolic-free Ca’™ have been linked to P,y receptor activation
based on the pharmacological profile and PTX-sensitivity of the response (Peterson e al,
1997; Sullivan et al, 1997). Consistent with the presence of P,y purinoceptors in the RPE,
molecular studies in human RPE cells have demonstrated the expression of mRNA for
the Pay2 receptor subtype (Sullivan ef al, 1997)

In addition to a P,y second messenger-mediated increase in [Caz’]i, Ca®” influx
via P,x receptors may also contribute to I k., activation in rat RPE cells. We have
shown that removal of extracellular Ca®~ has no significant effect on the amplitude or
reversal potential of the Pox-gated NSC current in rat RPE cells. This suggests that Ca®~
influx via the ATP-activated NSC current does not play a major role under physiological

conditions to activation of Ixca)in rat RPE cells. However, in some cells types partial
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activation of Ca®"-activated K~ currents can be elicited by intracellular Ca?~ increases as
low as 10 nM (Marty, 1989) suggesting that even slight Ca®>” influx via P.x receptors
would be sufficient to stimulate I kca). Similar to our findings with the Py, ligand-gated
ion channel, the pharmacological profile of the P,y purinoceptor in rat RPE does not
correspond unequivocally to any one particular subtype. ATP, 2MeSATP and ADP were
all equally effective while UTP appeared slightly less effective, although statistically its
evoked response did not differ from the other agonists. Thus, the pharmacological profile

of the putative P2y purinoceptor in rat RPE is: 2MeSATP=ATP=ADP > UTP. Studies on

cloned purinoceptors have determined that the P2y, and P,y¢ subtypes are completely
insensitive to UTP whilst at the other three subtypes, P2y2, P2ys and Pays UTP acts as a
full agonist (Nicholas et al/, 1996; Barnard ef al, 1997). Based on these findings, it is
unlikely that the P2y or P2y subtypes are involved in the electrophysiological responses
of the rat RPE. Furthermore, the pharmacological profile in rat RPE is not consistent with
the involvement of a P2y2 or P,y subtype, as 2MeSATP and ADP are purported to be
ineffective agonists these receptors. Thus, the profile for I kca) activation most closely
resembles that described for the cloned P;ys where ATP, UTP, ADP and 2MeSATP are
all effective agonists at this receptor subtype. Despite the presence of mRNA for Pay»
purinoceptors in human RPE (Sullivan ef al, 1997), our pharmacological findings do not
support its involvement in the electrophysiolgical responses evoked by purinergics in
isolated rat RPE cells. Conclusive identification of the P,y subtype(s) involved in Ikca)
activation awaits further molecular characterization of the purinoceptors in rat RPE cells.

It is likely, however, that similar to our suggestion for P,x receptors, the response to
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nucleotides in rat RPE is mediated by either a novel P,y subtypes or perhaps by

heterologous expression of a number of subtypes giving a mixed pharmacological profile.

3. Role of Adenosine

In the RPE, adenosine receptor pharmacology is much better characterized than
that for P2 purinoceptors. Messenger RNA for A, purinoceptors has been demonstrated
in the RPE and pharmacological data supports the presence of Azp receptors that are
sensitive to micromolar amounts of adenosine (Blazynski, 1993; Kvanta ef al, 1997). A
functional role for adenosine A, receptors in modulating phagocytosis of rod outer
segments has also been proposed in the rat RPE (Gregory ef al, 1994). Under the

conditions of this study, 100 uM adenosine had no affect on whole-cell current in the rat

RPE cells examined. Thus, despite a functional role in phagoctyosis, activation of
adenosine receptors does not appear to play a role in modulating membrane currents in
RPE cells. The lack of an adenosine effect in rat RPE cells is consistent with previous
studies in which adenosine had no demonstrable affect on intracellular [Ca®"]; responses
in human RPE cells (Sullivan et al, 1997), or on fluid or ion transport in monolayers of
bovine RPE (Peterson et al, 1997). Our findings that adenosine had no effect of whole-
cell currents also supports our suggestion that ecto-ATPase activity played no role in our
electrophysiolgical findings with ATP. Ecto-ATPase activity results in hydrolysis of
extracellular ATP to adenosine, which can then activate adenosine receptors.

Should this have been a contributing factor to experimental findings, we would have

expected adenosine to have similar electrophysiological effects as ATP. The lack of any



219

effect of adenosine rules out any role of adenosine receptors in nucleotide-evoked ionic

currents in the rat RPE.

4. Nucleotide-induced elevation of |Ca2+|§

A variety of calcium imaging techniques have demonstrated that nucleotides,
acting on P, purinoceptors, mobilize intracellular Ca®". Our results confirm that P2
purinoceptors activation by ATP and UTP is capable of elevating [Ca*’}; in rat RPE cells.
Most changes in cytosolic-free Ca®" are attributed to activation of Py receptors, although
P2x ligand-gated ion channels are also capable of inducing elevations in [Ca®};
(Supernant ef al, 1995). We therefore attempted to distinguish whether our [Ca*’;
response was mediated by both extracellular Ca®~ influx and/or intracellular Ca> -stores
release. [n nominally Ca® -free external solution the peak [Ca®"]; response, measured by
the intensity of Fluo-3 fluorescence, was reduced between 14-56%. This may indicate
that at least part of the peak response may be mediated by extracellular Ca®~ influx. Our
finding that removal of extracellular Ca®” slightly reduced the amplitude of inward cation
current may suggest a role for some Ca®” influx via P,y receptors in contributing to
elevations in [Ca®*"J; in rat RPE cells. Additionally, ATP-activated P, receptors may lead
secondarily to an influx of extracellular Ca®" via depolarization-induced activation of
Ca®” channels. Rat RPE cells have been shown possess L-type Ca®” channels which, once
activated, could serve as a source for extracellular Ca®” influx (Ueda & Steinberg, 1993).
Our demonstration of a virtually undiminished Ca*" response in nominally Ca*"-free

solution suggests that release from intracellular stores is the major contributor to purine-
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evoked elevations in [Ca®’]; and further supports the presence of P,y purinoceptors in the

rat RPE.

Figure 4.14 shows a schematic of the postulated signaling pathways linking Pax
and P,y purinoceptor activation in rat RPE cells to changes in whole-cell current and

intracellular [Ca®"].

S. Sources of ATP/UTP and role of P, purinoceptors

In variety of other cell types ATP, acting on cell surface P, purinoceptors, has
been shown to regulate a plethora of biological processes including neurotransmission,
vascular smooth muscle contraction, platelet aggregation, proliferation and secretion (for
reviews see; Boarder & Hourani, 1998; Heilbronn et al, 1997; Zimmermann, 1994;
Gorden, 1986). A number of the functions that the RPE carries out in normal retinal
physiology, like cellular fluid and ion transport and phagocytosis, have been shown to be
targets for P, purinoceptor modulation in other cell types (Ichinose, 1995; Mason e al,
1991). This study, and others, demonstrating a functional role for ATP purinoceptors in
modulating ion transport in the RPE suggests that ATP may play an important role in
regulating RPE function in vivo.

Within the retina, the RPE has a number of potential sources of endogenous
purines. Throughout the body extracellular ATP is usually kept at very low levels due to
the limited permeation of ATP across the lipid bilayer and by the action of ubiquitous
ecto-ATPases and ectophosphatases. Cellular ATP levels, however, are quite high with

the normal concentration in the cytosol of intact cell being in the 3-5 millimolar range.
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Despite normally low extracellular concentration, ATP can reach sufficiently high levels
to activate purinoceptors in response to specific physiological and/or pathophysiological
stimuli. Studies have demonstrated that there are four major sources of extracellular ATP
for mammalian cells: 1) ATP has been demonstrated to be stored along with adrenergic
and cholinergic neurotransmitters in synaptic granules within neurons, where it is
released as an excitatory co-transmitter in both the central and peripheral nervous
systems; 2) ATP can also be co-stored along with serotonin in secretory vesicles within
platelets, which upon activation releases significant amounts of ATP into the extracellular
space; 3) under pathophysiological conditions, sudden breakage of intact cells in
response to tissue trauma can release cytoplasmic ATP stores and transiently elevate the
extracellular concentration to significantly high levels;. 4) cytoplasmic ATP can also be
released from cells via transmembrane transport through specific plasma membrane
transporter proteins on intact cells. This release has been demonstrated in both vascular
smooth muscle and endothelial cells in response to receptor activation under both
physiological and pathophysiological conditions (for reviews see; Gordon, 1986;
Zimmermann, 1994; Boarder & Hourani, 1998)

Similar to ATP, extracellular UTP has been demonstrated to modulate a number
of biological responses in a variety of cell types including epithelial fluid and ion
transport (Heilbron ef al, 1997; Mason et al, 1991; Petersen et al, 1997) and phagocytosis
(Ichinose, 1995). No evidence conclusively supports synaptic release of UTP and thus,
unlike ATP, it is not believed to function as a neurotransmitter or co-transmitter in
neurons. However, uridine nucleotides (UTP, UDP) are stored at about 10% of the ATP

concentration in chromaffin granules and platelets can be released under
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pathophysiological conditions, suggesting that they too might reach sufficiently high
extracellular concentrations to activate P2 purinoceptors (Anderson & Parkinson, 1998;

Heilbron et al, 1997).

5.1 Purines in the retina

To date, there is little evidence to support a role for ATP as a neurotransmitter in
the retina. However, several studies have shown however, that in response to stimuli
ATP can be released from cells in the neural retina. One study has demonstrated that
light flicker and/or depolarizing conditions can evoke the co- release of ATP and
acetylcholine from retinal amacrine cells (Neal & Cunningham, 1994). Once released,
ATP acts on neuronal P; receptors to provide negative feedback for ACh release and
thus modulate the light response. The presence of a purine transporter has also been
suggested in the retinal amacrine cells based on the observation that under strong
depolarizing conditions, the evoked release of purines occurred in a Ca* -independent
non-vesicular manner (Blazynski & Perez, 1991). Similarly, a recent study has reported
a release mechanism for stored ATP in ciliary epithelial cells (Mitchell e al, 1998).
These studies suggest that under certain conditions ATP may be released in significantly
high amounts to cross the short diffusion distance between the neural retina and RPE
and activated P2 purinoceptors.

Significant concentrations of purines may also be present in the choroidal blood
supply as a result of platelet activation (ATP) and/or vascular cell lysis (ATP/UTP) in
response to inflammation and/or injury. Given the close approximation of the choroid to

the RPE, it is plausible that under pathophysiological conditions in which the blood
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retinal barrier is compromised, ATP/UTP from the choroidal vasculature could permeaie
in sufficiently high amounts to activate P, receptors on the RPE. Additionally, ATP/UTP
could also be released from damaged retinal cells or RPE cells in response to ocular
trauma. Under these conditions, extracellular ATP would act as an autocrine factor or

paracrine factor to alert the surrounding cells to a pathological event.

5.2 Role of ATP/UTP in ion transport

In a number of transporting epithelial, ATP/UTP has been shown to modulate fluid
and/or ion transport (Yan-Scott et al/, 1995; Benali ef al, 1994; Mason et al, 1991;
Middleton et al, 1993). A recent study in isolated monolayers of bovine RPE
demonstrated that stimulation of P2y purinoceptors activated a basolateral Ca*” dependent
CI” conductance, inhibited an apical Ca*"-dependent K~ conductance and increased apical
fluid absorption (Petersen et a/, 1997). The presence of a P;x-activated NSC current was
not suggested in this study. However, the identification of the basolateral depolarizing
current as a Cl” conductance in this study was based on the sensitivity of the current to
mM concentrations of the CI” channel blocker DIDS. In other cell types this concentration
of DIDS has been shown to virtually abolish P;x-gated cation conductances (Connolly
and Harrison, 1995; Evans ef al, 1995). Thus, the presence of basolateral Pax receptors in
the RPE should not be ruled out as contributing to the ATP-evoked depolarization in this
model.

Activation of the P;x-gated NSC current in rat RPE cells would cause sufficient
depolarization to activate or inactivate a variety of ion channels, pumps and transporters.

The net effect on the epithelium would be altered ion/fluid transport accompanied by
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changes in the composition of the subretinal space. P,y purinoceptor —stimulated Ca®"-
activated K™ currents may play a similar a role as the NSC current in modulating RPE
ion/fluid transport. In support of this hypothesis, Ca’ -activated K channels have been
shown to regulate transepithelial transport in a variety of epithelial cell types (Petersen &
Maruyama, 1984; Sohma et al, 1994; Klaerke, 1997). ATP-activated K~ current in the
RPE may also play a role in the [K'], rebound that is observed in the subretinal space
following light-induced decrease in [K'],. ATP, potentially released from adjacent neural
retina cells, may act as a paracine signal for this rebound by stimulating apical Ix(cay
channels, leading to K™ efflux and thus buffering the drop in subretinal K™ to maintain a
homeostatic environment for the photoreceptors. Alternatively, activation of Ix.c,) could
result in hyperpolarization of the transepithelial (TEP= V,-V,) potential. This would
stimulate net ion absorption by increasing the driving force for CI” secretion through
passive ion channels in the basolateral membrane. The TEP is also known to be the
driving force for ion movement through the paracellular pathway in the RPE (Edelman &
Miller, 1991), and thus, Ixca) channels may also stimulate net ion/fluid movement via this

route.

5.2 Potential role in phagocytosis.

In mouse peritoneal macrophages activation of P,y receptors, with concomitant
elevations in [Ca®"];, enhances phagocytosis (Ichinose, 1995). Although no link between
P2y purinoceptor activation and phagocytosis in RPE cells has been demonstrated,
experimental evidence supports at least the suggestion that purine-mediated signaling

pathways may play a role. In the dystrophic Royal College of Surgeons (RCS) rats, a
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genetic defect in the RPE leads to a lost ability to phagocytize shed outer segments and,
as a consequence, the photoreceptors degenerate. Studies in these rats have
demonstrated that there is a defect in an IP; signaling pathway in the RPE that normally
is involved in outer segment phagocytosis (Heth & Marescalchi, 1994). Furthermore,
this defect in phagoctytosis could be partially elevated by treatment of RCS RPE with
agonists that couple to IP; signaling pathways (Heth et a/, 1995). Since our study
supports the presence of P2Y receptors linked to an IP; pathway in the RPE,
extracellular ATP/UTP released from cells of this epithelium or other retinal cells may
act a paracrine or autocrine signal for phagocytosis. The RPE initiates phagocytosis
within minutes of light onset and thus, release of ATP from retinal cells be light stimuli
(see above) could act lead to activation of P, purinoceptors in the RPE to initiate binding

and ingestion of rod outer segments.

5.4 Role in inflammation and immune response

Inflammatory conditions and metabolic changes in the eye, such as those that
accompany diabetes mettilus, have been shown to cause vascular leakage. Plasma
leakage into the retina has recently been demonstrated to cause proliferative changes in
the RPE (Shiels er al, 1998). This suggests that factors present in the plasma may initiate
mitogenetic reponses in the RPE. Proliferative effects to pathological concentrations of
extracellular ATP have been demonstrated in vascular smooth muscle cells (Yu e al,
1996). Nucleotide-activated P.x (NSC) and P2y (Ikicay ) currents could plausibly play a
role in proliferative responses. In support of this hypothesis, activation of outwardly

rectifying K currents in retinal ganglion cells and a nonselective cation current in
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colonic epithelial cells has been implicated in mitogenesis of these cells (Heschler &
Schultz, 1993). More recently, mitogens that elevate intracellular Ca®>” have been linked
to proliferation of RPE cells (Smith-Thomas e a/, 1998). Thus, it is plausible that
certain ocular pathologies elevate the extracellular ATP concentration to a range (0.1 to

100 uM) that could elicit mitogenesis of RPE cells.

The RPE is thought to be an important mediator in several ocular pathologies
(Tso, 1988; Chader ef al, 1988; Zamir, 1997). A role for the RPE in inflammatory and
proliferative retinal disorders is suggested by the observation that the RPE produces and
responds to a variety of growth factors and cytokines, including platelet derived growth
factor, insulin-like growth factor, IL6 and IL8 (Planck er a/, 1994; Gupta et al, 1997;
Holtkamp er al, 1998). Furthermore, studies have suggested that many of these factors
may play a role in the pathogenesis of proliferative vitreoretinopathy and uveitis (Planck
et al, 1994). In a number of cells, ATP has been shown to modulate the release and/or
activities of a number or cytokines. For example, extracellular ATP can modulate tumor
necrosis factor (TNF)-induced cytolysis (Kinzer & Lehmann, 1991), and in

macrophages 2MeSATP inhibits the release of IL-1 and TNFo protecting cells from

endotoxin-induced death (Proctor e a/, 1994). The actions of extracellular ATP in
modulating cytokine action has been attributed to activation of P2 purinoceptors with
subsequent changes in intracellular phospholipid and Ca’" levels, as well as changes in
ion fluxes (Kinzer & Lehmann, 1991). These findings support the possibility that
extracellular ATP may modulate the release and/or actions of cytokines derived from the

RPE. Under conditions such as ocular inflammation where cytokines and ATP may be
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simultaneously produced, the activation of RPE purinoceptors may enhance or inhibit

the deleterious effects of the pathological situation.

In conclusion, we have provided evidence for the presence of P,x and Poy
purinoceptors on cultured rat RPE cells that are functionally linked to activation of a NSC
current, a calcium-activated K™ current and elevations in [Ca*“};. The presence of a
number of different purinoceptor subtypes on RPE cells suggests that multiple signaling
pathways may be activated in response to extracelllar ATP or UTP to modulate various

cellular functions under physiological and/or pathophysiological conditions.
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ABSRACT

The effects of adrenergic agonists on K™ currents were studied in cultured rabbit
pigmented ciliary epithelial (PCE) cells using the whole-cell patch-clamp technique. Under
voltage clamp recording conditions, two distinct K™ currents were observed: an outward
rectifying K™ current (Ix) and an inwardly rectifying K~ current. A component of the
outward K~ current in PCE cells was found to be Ca > -activated K~ current (kccay )-
External application of the nonselective adrenergic agonists epinephrine or the a;-
adrenergic agonist phenylephrine activated K, channels in PCE cells. Phenylephrine-
elicited increases in Ix.ca) were reduced following exposure to the selective o, -antagonist,
prazosin, implicating the involvement of o, —adrenoreceptors. The activation of Ix.ca
could be mimicked by dialysis of D-myo-inositol (1,4,5)-triphosphate into rabbit PCE and
blocked by pre-incubation of cells in thapsigargin or the phospholipase C inhibitor U-
73122. Adrenergic increases in Ixc.) were reduced following dialysis with the G protein
blocker, guanosine 5°-O-(2-Thiodiphosphate), but were not blocked by pertussis toxin-
pretreatment. These results demonstrate that I,y channels in rabbit PCE cells are activated
by aj-adrenergic receptors coupled to a PTX-insensitive G protein(s) and a PLC/IP;
signaling pathway. Activation of these channels may modulate fluid secretion by the ciliary

epithelium.
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INTRODUCTION

The ciliary epithelium of the eye is a secreting epithelium comprised of two different
epithelial layers; a non-pigmented ciliary epithelial (NPCE) cell layer, whose basolateral
membrane faces the posterior and vitreal spaces of the vertebrate eye, and a pigmented
ciliary epithelial (PCE) cell layer whose basal surface faces the stromal side. These two cell
layers are coupled via gap junctions at their apical membranes (Raviola & Raviola, 1978:
Cole,1984). The formation of aqueous humor in the eye occurs primarily by electrolyte
secretion across the ciliary epithelium. The rate and quantity of aqueous humor production
are important determinants of intraocular pressure and are subject to autonomic modulation
(Cole, 1984).

Recent transport data from intact and dispersed ciliary epithelial tissue, suggests that
the PCE cells have solute uptake properties and are coupled to the NPCE cells which have
solute efflux properties (Weiderholt, Helbig & Korbmacher, 1991; Edelman,Sachs &
Adorante, 1994). Thus, ions and water pass from PCE cells to NPCE cells via gap junctions
and are secreted at the basolateral NPCE cell membrane as aqueous humor, an isotonic
solution comprised primarily of water, Na” and CI" and HCO5". The mechanisms by which
ion transport and fluid secretion are regulated in coupled PCE and NPCE cells remains
unclear, although it is established that vectorial transport of ions and solutes between the
coupled epithelial cells requires the coordinated interaction of membrane-localized

transporters and intracellular signaling pathways (Jacob & Civan, 1996).
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Studies of Ca®” mobilization and heterocellular signal transfer in the rabbit ciliary
epithelium, however, has revealed that various agonists such as adrenergic and muscarinic
agonists can increase Ca’” in NPCE cells in intact ciliary processes in a synergistic manner
(Farahbaksh and Cilluffo, 1994). More recently, studies comparing the Ca®” response in
isolated ciliary body epithelial (CBE) cells and the intact ciliary body has demonstrated that
with respect to Ca®>” mobilization the responses of isolated PCE versus NPCE cells to
various agonists is different. For example, isolated PCE cells respond to a;-AR agonists but
show little sensitivity to a,-AR agonists, whilst the opposite response profile is found in
NPCE cells. These experiments demonstrate distinct refractory behavior in the ciliary
epithelial syncitium with synergistic agonist-induced increases in Ca*” in NPCE cells
transferred to coupled PCE cells while the reverse does not occur (Schutte & Wolosin, 1996;
Suzuki, Nakano & Sears; 1998). Further investigations are now required to identify the
different cellular ion pathways responsive to agonist-induced increases in [Ca® Ji, in both
PCE and NPCE cells. This information will further clarify the mechanisms contributing to
vectoral fluid secretion in the ciliary body epithelium.

In the present study, we have examined the effects of adrenergic stimulation on K~
currents in isolated rabbit pigmented ciliary epithelial (PCE) cells. Our results demonstrate
the presence of a Ca’"-activated K~ current in rabbit PCE cells that is regulated by a; -AR
stimulation. Furthermore, we confirm that the signaling pathway linking a; -AR to Kc,
channels involves a PTX-insensitive G protein coupled to IP; -sensitive Ca®™ stores.
Agonist activation of K™ channels in PCE cells would permit membrane repolarization and

increase the driving force for salt secretion across the ciliary epithelium.
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METHODS

1. Cell Dissociation and Culture

As described previously (Chapter 2, GENERAL METHODS, section 1.2), eyes
were enucleated from 5-10 week old pigmented rabbits and isolated epithelial pieces
from the ciliary body were triturated gently to yield single PCE and NPCE cells and
small tissue explants. PCE cells were identified by immunofluorescent staining for
cytokeratin and were differentiated from NPCE cells by the presence of pigment granules
(see Results, Figure 5.1). PCE cells cultured using this isolation technique have been
previously shown to be suitable for use in studies on transepithelial ion transport (StauB
& Weiderholt, 1991). Rabbit PCE cells in this study were maintained in primary culture

up to a maximum of 14 days before electrophysiological recording.

2. Immunocytochemistry

Isolated rabbit CE cells were stained for cytokeratin using the generalized
protocol detailed in the GENERAL METHODS (Chapter 2, section 2). Specifically for
rabbit CE cells, 10% sheep serum was used to block any nonspecific binding and the
primary antibody was mouse anti-cytokeratin pan 8.13 (used at a 1:100 dilution in PBS).
The secondary antibody for rabbit CE cell cytokeratin staining was anti-mouse
immunoglobulin conjugated with rhodamine at a dilution of 1:100 in PBS (RESULTS,

Figure 5.1).
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3. Electrophysiological Recording

3.1 Superfusion and Solutions

For cultured CE cells the standard extracellular solution was a low [C] ]
physiological solution composed of (in mM): Na™-aspartate, 100; NaCl, 30; KCl, 5; CaCl,,
1; MgCl,, 1; Na;HCOs, 10; HEPES, 10; Glucose 10 (solution F, table 1 in GENERAL
METHODS). For low Ca®” solutions, extracellular Ca®>* was replaced by 0.2 mM CaCl; and
1.5 mM EGTA (solution H, table 1 in GENERAL METHODS). The extracellular calcium
concentration with this solution was estimated to be <10 nM . Standard electrode filling
solution for whole-cell recordings was composed of (in mM): K -aspartate, 110; KCl 30;
MgCl;, 1; HEPES, 20; EGTA 1; CaCl,, 0.4; ATP (Mg), 1; GTP (Na,), 0.1 (solution J, table
1 in GENERAL METHODS). Free internal [Ca®"] was estimated to be <100 nM. In some
experiments intracellular Ca*” was buffered to <10 nM by inclusion of 10 mM BAPTA in

the electrode solution (solution M, table 1 in GENERAL METHODS).

3.2 Drugs

Potassium channel blockers, (tetraethylammonium chloride [TEA] and ibeirotoxin
[[bTX], thapsigargin [TG], PLC inhibitor [U-73122] and prazosin [PZ]) were added to the
extracellular solution and superfused during electrophysiological recording. Adrenergic
agents (epinephrine (EPI), phenylephrine (PHe)) and the Ca®” ionophore ionomycin were
applied by pneumatic pressure injection. D-myo-inositol (1,4,5)-triphosphate (IPs) and
GDP@S were included in the intracellular recording solution and dialysed for 10 min to

allow for adequate superfusion into the cytosol. Pertussis toxin (PTX) was added to the
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culture medium 24 hr. prior to electrophysiological recording (see section 3.1, Chapter 3)

All chemicals were used at the concentrations cited in RESULTS.

3.3 Electrophysiological recording techniques

Ionic currents in isolated ciliary epithelial cells were studied using whole-cell tight-
seal patch-clamp recording methods (Chapter 2, section 3.2). All the data and current-
voltage relationships shown have been corrected for LJP’s which were 2 mV for standard
low CI” external Ringers and K™ -aspartate pipette solution and 5.4 mV for low Cl/low Ca*

external and BAPTA intracellular solution.

3.4 Materials
Thapsigargin, [P3;, U-73122 and PTX were purchased from Calbiochem (Lalolla,

California). Ibeirotoxin was purchased from Peninsula Laboratories Inc. (Belmont, CA). All

other chemicals were purchased from Sigma Chemical (St. Louis, Mo).
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RESULTS

1. Rabbit PCE cell culture: growth characteristics and
identification

Primary cultures of PCE cells established from the eyes of pigmented rabbits
exhibited the typical phenotype that has been described for PCE cells in culture
(CocaPrados & Chat, 1986). Figure 5.1A shows a freshly isolated explant of a rabbit
ciliary process tip before mechanical tirturation. The two cell types of this bilayered
epithelium are clearly evident. The NPCE cells are devoid of pigment and are tightly
coupled to the inner layer of pigment containing PCE cells. Tiruration of the ciliary
processes yields isolated PCE and NPCE cells as well as PCE-NPCE cells that are still
coupled at their apicies (Figure 5.1 B). Within 3 days of dissociation, cultures contained
primarily isolated PCE, which were identified by their heavy pigmentation (Figure 5.1C).
NPCE cells tended to have limited survival under the culture conditions used in this
thesis and after S days ciliary epithelial cultures consisted only of PCE cells (CocoPrados
& Chat, 1986).

Immunofluorescence was also used to identify PCE cells in culture. As mentioned
previously (see section 2, Chapter 3), antibodies to cytokeratins are widely used as a
means to identify cells of epithelioid phenotype including PCE cells in culture. Figure
5.1D shows a fluorescent image of PCE cells grown in culture for 12 days stained with
antibodies directed against cytokeratin 8.13. Cultured PCE cells stain positive for

cytokeratins, identifying them as epithelial in origin.
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Figure S.1. Isolated rabbit PCE cells in culture. (A) Phase photomicrograph of a
freshly isolatd explant of a rabbit ciliary process tip showing the coupled nonpigmented
and pigmented epithelial cell layers. Scale bar is 10 um. (B) Freshly dissociated ciliary
epithelial cells. Arrow indicates coupled NPCE-PCE cells. Scale bar is 20 um. (C).
Isolated PCE cells grown in culture for 5 days. (D) Fluorescent image of PCE cells in

culture for 12 days and stained for cytokeratin 8.13.



Figure 5.1
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2. Membrane properties and whole cells current in rabbit PCE

cells

Figure 5.2 shows typical whole-cell current recordings made from cultured PCE
cells with 110 K™-aspartate electrode solution and standard low CI” Ringers. The mean
membrane potential measured in current clamp upon break-in was -42+ I mV (n=33). Cell
capacitance values were obtained from the capacitance compensation circuitry on the
amplifier and ranged between 10-48 pF (26 + 0.8; n=108). Under voltage clamp, cells were
held at -62 mV and the membrane potential was stepped in 20 mV increments to potentials
negative and positive to the holding potential for 500 msec. An outward current was
observed at depolarized potentials in all PCE cells recorded from (Figure 5.2A). Figure
5.2B shows the I-V relationship for the cell shown in panel A. For this and subsequent
current-voltage relations current was obtained by averaging the current amplitude measured
over 50 ms prior to the cessation of depolarizing step commands. The outward current
activates at potentials positive to -62 mV and increases with increasing depolarization. In
31% of PCE cells recorded from, voltage steps to hyperpolarizing potentials between -130
and -80 mV also evoked an inward current. In the representative cell shown in Figure 5.2C,
the hyperpolarization-activated inward current showed some time-dependent decay at the
more negative potential of -130 mV. A slowly inactivating outward current is also apparent
in this cell as the membrane potential was depolarized positive to -50 mV. The -V
relationship for the currents shown in panel D indicates an inwardly rectifier current which
reverses at around -62 mV and an outward rectifying current which activates positive to -50
mV and increases with depolarization. These currents are similar to K~ currents described

previously in both rabbit and bovine PCE cells (Fain & Farahbakhsh, 1989; Jacob, 1988).
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Figure S.2. Whole cell currents in cultured PCE cells. Representative whole-cell
currents elicited by a series of step depolarizations from -122 to +58 mV from a holding
potential of -62 mV. (A) Depolarization-induced outwardly rectifying current was
observed in all PCE cells examined, while 33% displayed both inward and outward
rectifying current (C). (B,D) Current-voltage relations measured from the traces shown in

panel A and C. Dashed line represents zero current in this and subsequent figures.



241

 00G)-
\O
o
001 /
w -
— _ee=¥ . NS
o
'\
‘\
v L
wvd 0004
ﬁocu.
2.: AW 05}-
L-0—0—9o—0—
v
[
L/
b*
o\ I
- vd 0021

s 00}

v oo

|
i

3

sw 00}
vd 002

44

AWz




242

3. Characterization of outward current in rat RPE cells

3.1 K selectivity of the outward current

The ionic selectivity of the outward current was investigated by examining time
and voltage-dependent relaxations (tail currents) at potentials between -82 and 0 mV,
following activation of outward current by a 100 ms voltage step to +20 mV (see Chapter
3, section 4.1). Analysis of the tail currents in 5 PCE cells in 5 mM [ K™ Joindicated that
these currents reversed direction at -76 + 4 mV. This experimentally derived reversal
potential approaches the value of -84 mV calculated for the K™ equilibrium potential
(Ex) under our recording conditions suggesting that the outward current in PCE cells is

K™ selective.

3.2 A component of the outward K current in PCE cells is Ca ** -sensitive

In 66% (58/83) of the cells recorded from, the outward K~ current appeared “noisy”
at more depolarized potentials (+10 to +58 mV) suggesting the presence of large-
conductance channels (Tao & Kelly, 1996). A representative cell is shown in Figure 5.3A.
The voltage protocol used is indicated above the current traces, with the cell held at a
potential (Vi) of -62 mV and stepped for 500 ms from -82to +58 mV. A 2 min
superfusion of the K™ channel blocker TEA (1 mM), reversibly reduced outward current.
Figure 5.3B shows the I-V plot for the currents represented in panel A. In this cell, outward

K™ current is almost completely blocked by 1 mM TEA, with a 68% (65 +10%;n=3)
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Figure 5.3. Ca’ -activated K* current PCE cells. Whole-cell current traces recorded
from two representative PCE cells and elicited by voltage steps from -82 mV to +58 mV
from a holding potential of -62 mV. Outward current was reduced in the presence of |
mM TEA (A) and 10 nM of the maxi-K™ (Ix.c.y) channel blocker IbTX (C). B and D:
Current-voltage relations measured from the currents recorded in panels A and C in the
absence (M) and presence (V) of TEA (B) or IbTX (D). The TEA- and IbTX-sensitive
current (O) was obtained by subtracting current records measured in the presence of TEA

or IbTX from control currents.
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reduction in Ix measured at +58 mV and a 65 +18 % (n=3) reduction at +18 mV. The TEA-
sensitive current, obtained by digitally subtracting currents measured in the presence of TEA
from control currents, indicates an outwardly rectifying K~ current that activates at
potentials positive to -50 mV.

A similar decrease in the outward current was also observed when the scorpion
toxin, IbTX was externally applied. IbTX has been demonstrated to selectively block the
large-conductance or “maxi” Kc, channels in a number of cell types (Giangiacomo et al,
1992; Giangicomo ef al, 1993), including retinal pigment epithelial cells (Tao & Kelly,
1996). Figures 5.3C and D show the whole cell current recording and I-V plot for a
representative cell before and after exposure to 10 nM IbTX for 5 mins. IbTX reduced Ix
measured at +58 mV by 71% (69 + 11%, n=4), and at +18 mV by 69 + 5% (n=4). The
IbTX-sensitive K~ current (Fig. 5.3D) in this cell, as above, was outwardly rectifying with a
steep increase in slope conductance at potentials depolarized to +20 mV. Superfusion of
PCE celis for 15 min in nominally Ca®" -free external solution also decreased the outward
current (69 + 17% at +10 mV and 76 + 7% at +58 mV; n= 4). The mean decreases (+ SEM)
in current amplitude measured at +58 mV following superfusion of PCE cells with TEA,
IbTX or nominally Ca *” -free are shown in Figure 5.4. The TEA-, [bTX- and Ca®"-
sensitivity of the outward K~ current suggests that between 50-70% of the outward current

in rabbit PCE cells is mediated by “maxi” Ca® "activated K~ (I K(Ca) ) channels.



246

Figure 5.4. Pharmacological Block of I k.. Mean + SEM percentage decrease in
outward current, measured 50 ms before the end of a step depolarization to +58 mV.
Superfusion with 1 mM TEA (open bar), 10 nM IbTX (black bar) or nominally Ca >~ -free

Ringers (hatched bar) all reduced the outward Ix by 50-70%.
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Further confirmation of the presence of K¢, channels in PCE cells was obtained
using the calcium ionophore, ionomycin to increase [Ca®* Ji,. F igure 5.5, shows outward
current recorded at +58 mV from a Vi, =- 62 mV in a representative cell with 110 mM K~
aspartate internal solution and standard low CI” Ringers. In this cell, pressure application of
ionomycin increased outward current by 69% with concomitant qualitative increases in
current noise at more depolarized potentials. In 9 additional cells, ionomycin significantly
increased the outward current measured at +58 mV from 15 = 2 pA/pF to 35 + 5 pA/pF p<
0.05: n=9), respectively (Figure 5.5B). The ionomycin-induced increase in the outward
current was blocked by pretreatment of the cells for 10 min with 10 nM IbTX (panel B; n=4;

p>0.05), confirming that ionomycin was acting to selectively increase [k, -

4. Adrenergic agonists activate Ik, in PCE cells.

Ca **-activated channels in other cell types are targets for modulation by a number
of transmitters and neuromodulators. Since «, -adrenoreceptors have been demonstrated to
increase [Ca™ T, in rabbit PCE cells (Schutte er al, 1996; Suzuki er al, 1997), we first
examined the actions of the nonselective adrenergic agonist epinephrine (EPI) on whole-cell
K™ currents in PCE cells. Figure 5.6A shows whole-cell currents recorded by stepping the
voltage for 500 ms from -82 to +58 mV in 20 mV increments from Vy=-62 mV. The cell
was superfused in standard extracellular solution in the absence (control) and presence of
epinephrine (100 uM EPI). Puffer application of 100 uM EPI substantially increased
outward K" current activated at depolarized potentials. In addition, the I-V plot for the
currents shown in panel A (Figure 5.6B) demonstrates that EPI shifted the activation

potential for the outward current from -47 mV to -57 mV (-33 £5mVto-52+ SmV:
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Figure 5.5. Activation of I k(c,) by Ionomycin in PCE cells. (A) Current elicited by a

500 ms depolarization pulse to +58 mV V= -62 mV, in a representative PCE cell before
() and after a 40 sec pressure application of the Ca*” ionophore ionomycin (10 uM: ).
Capacitance of the cell was 34. (B) Mean (+SEM) current measured at +58 mV for

control current (n=13) and current recorded following ionomycin application in the

absence (10 uM lon; n=9) and presence of IbTX (Ion + 10 nM IbTX; n=4). All currents

were normalized for cell capacitance.
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Figure 5.6. Activation of I kc.) by Epinephrine. (A). Whole-cell currents elicited from

voltage steps from -122 mV to +58 mV from V= -62 mV, recorded in the absence
(control) and presence of 100 uM EPI. (B). Current-voltage relation for the cell in panel
A in the absence (O) and presence of EPI (&). (C). Mean (+SEM) current amplitude
measured at +58 mV and normalized for cell capacitance, in 16 cells before (control) and
after 40 sec pressure application of 100 uM EPI. (D). Mean percentage increase in Ik
measured at +58 mV after exposure of 4 cells to 100 uM EPI, in absence (EPI) and

presence of IbTX (EPI + 10 nM IbTX).
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n=11), and increased whole- cell current at -52 and 42 mV by 8 and 13 pA/pF compared to
control (14 £ 6 pA/pF and 21 + 9 pA/pF; n=11). Figure 5.6C shows the mean EPI-induced
increase in outward current measured at +58 mV. In the presence of EPI outward current
increased from 23 + 6 pA/pF to 50 = 11 pA/pF (117% increase, p<0.05; Student’s paired t-
test). In another 4 cells tested, application of EPI produced a 280 + 96% increase (p< 0.05)
in I, measured at +58 mV from Vy=-62 mV. In these cells, a second application (5 mins
after the first application of EPI) of 100 ;1M EPI in the presence of 10 nM IbTX failed to
increase Ik (12 £ 7%) in comparison to the first EPI application in the absence of toxin (p>0.
03). These data confirm that the current activated by EPI was an IbTX-sensitive Ixc, (Figure
5.6D).

Activation of Ikc. by adrenergic agonists was via an o -receptor mediated pathway.
Figure 5.7A shows current records recorded from a representative PCE cell before and after
application of the selective a; -adrenoceptor agonist phenylephrine (PHe) with 110 mM K-
aspartate electrode solution and standard low CI” Ringers. Exposure of the cell to PHe (100
uM) increased depolarization-activated outward current. Panel B shows the I-V plots for
mean current values measured in 10 cells before (control) and after exposure to 100 uM
PHe. In these cells, outwardly rectifying current activated positive to -62 mV and was
increased at all potentials positive to -20 mV in the presence of 100 uM PHe. The increase
in outward current by PHe was significant (p<0.05) compared to control for currents
measured at +38 and +58 mV. In a total of 55 cells tested, PHe at a doses of 10 and 100 uM
increased the outward current measured at +58 mV (panel C). In the presence of 10 uM
PHe, outward K~ current increased from 20 = 4 to 30 + 10 pA/pF (n= 5). Whilst in the

presence of 100 uM PHe, the increase in Ix was from 20 =2 pA/pF to 41 + 4 pA/pF
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Figure 5.7. Activation of I k. by a;-Adrenoceptors. (A). Whole cell currents
recorded from a representative PCE cell. Currents were measured from a holding

potential of -62 mV in response to voltage steps from -130 mV to +58 mV in the absence
(control) and presence of 100 uM of the selective o.;- agonist phenylephrine (PHe). (B).
Current-voltage relation for mean (+ SEM) current amplitude measured in 10
representative PCE cells before (V) and after a 40 sec exposure to 100 uM PHe (@®).
Whole-cell currents were elicited using the voltage protocol in A and normalized for cell
capacitance. (C). Mean (+SEM) current amplitude measured at +58 mV before (control;
n=5) and after 40 sec pressure application of 10 uM (n=5) or 100 uM PHe (n = 50). D.
Bar shows mean (+SEM) increase in current amplitude after repeat exposure of the same

4 PCE cells to 100 uM PHe.
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(p<0.05). The increase in Ix was reproducible following a repeat exposure of the cells to
PHe (from 24 + 11 pA/pF to 36 = 17 pA/pF, p<0.05, n=4, Figure 5.7D).

Further verification that PHe actions were mediated via a;-receptors was obtained
when the selective a-AR antagonist prazosin (PZ) was added to the superfusate. Prazosin is
a competitive antagonist of all a-ARs although its affinity for a;-AR subtypes is higher
than for o2-ARs. Figure 5.8A shows whole-cell currents recorded from the same
PCE cell before and after exposure of the cell to 100 uM PHe in absence and presence of
100 uM PZ. Figure 5.8B shows the current-voltage plot for the cell in panel A. For this and
5 other cells tested (panel C), 100 uM PHe significantly increased outward current measured
at the end of a 500 ms voltage step to +58 mV (Vy=-62 mV) from 15 + 4 pA/pF to 26 + 5
PA/pF (p<0.05; Student’s paired t-test). Control current recorded at +58 mV in presence of
PZ, in the same 5 cells previously exposed 1o an initial application of PHe, was 22 + 6
pA/pF and this value increased only slightly to 25 + 6 pA/pF following exposure to a second
40 sec application of PHe in the presence of PZ. Thus, in the presence of 100 uM of PZ,
application of PHe failed to produce a significant increase in outward current (p> 0.05;
Student’s paired t-test) indicating that PHe modulation of Ixc,) is mediated via activation of

an o -AR coupled pathway.
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Figure 5.8. Prazosin block of PHe-mediated I K(Ca) increase. (A). Whole cell currents
recorded from a representative PCE cell. Currents were measured from V,= -62 mV in
response to voltage steps from —~122 mV to +58 mV before (control) and after exposure
of the cell to 100 uM of PHe (PHe)and PHe plus prazosin (PHe + PZ). (B). Current-
voltage relation for the cell shown in panel A. (C). Bar graph shows mean (+ SEM)
percent increase in current measured at +58 mV for the same 5 cells before and after 40
sec applications of 100 uM PHe (control; PHe) or PHe plus 100 uM prazosin (PZ; PZ +

PHe)
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S. Signaling pathways involved in o;-adrenoreceptor activation

of Ixca
5.1 IP; and intracellular Ca**-stores

In many cells, the actions of a;-AR agonists are associated with a rise in [Ca’T);.
These alterations in [Ca® Ji, result from agonist/receptor activation of phospholipase C-
mediated hydrolysis of phosphatidylinositol 4,5-bisphosphate and liberation of IPs. Inositol
triphosphate then mobilizes Ca®~ from intracellular storage sites by interacting with a
specific receptor (Berridge, 1993; Minneman, 1993). We examined whether the IP;
pathway was involved in PHe-induced activation of Ixca) in PCE cells by either dialyzing
the cell cytosol with [P; to activate Ix(ca), or by exposing PCE cells to thapsigargin and
nominally zero Ca®” Ringers and looking for attenuation of the actions of PHe.
Thapsigargin mobilizes Ca*~ from intracellular stores by inhibiting Ca®” sequestration into
IP3-sensitive pools (Foskett, Roifman & Wong, 1991).

Whole cell current traces are shown from a representative PCE cell immediately

after break-in and after 10 min. dialysis with 10 uM IP;in the standard pipette solution

(Figure 5.9A). The cell was held at -62 mV and stepped to +58 mV for 500 ms to activate
outward current. The mean outward current measured at +58 mV was significantly
increased from 19 = 7 to 51z 15 pA/pF (p<0.05 Student’s paired t-test; n=11) after 10 min.
internal dialysis with [P;. Current amplitude was not significantly different when cells were
dialyzed for 10 min with internal recording solution in the absence of IP; (data not shown).

Pre-incubation of PCE cells with 5 uM thapsigargin (TG) for 30 min in nominally Ca*"- free
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Figure 5.9. Involvement of IP; and Intracellular Ca?* Release in modulation of I K(Ca)- (A).
Representative whole-cell currents produced from voltage steps between -122 and +58 mV from
Viy=-62 mV, immediately after obtaining whole-cell configuration (break-in) and after 10 min
dialysis with 10 uM [P; in the pipette. (B). Mean (+ SEM) current amplitude measured at +58
mV and normalized for cell capacitance in 5 PCE cells treated for 30 min with 5 uM
thapsigargin before (TG) and after 40 sec application of 100 uM PHe (TG + PHe). Mean current
amplitude is also shown for 5 cells in the absence of thapsigargin, before (control) and after PHe

application (PHe) (*p< 0.05; Student’s paired t-test).
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Ringer’s, to empty sarcoplasmic reticular Ca®" stores, blocked the PHe-mediated increase in
I'k@) (n=5; Figure 5.9B). In contrast, in PCE cells from the same culture which were not
treated with thapsigargin, PHe significantly increased Ix(ca) from 20 + 8 pA/pF to 53 + 17
PA/pF (p<0.05; n=5). These data support a role for IPs-induced intracellular calcium release

in mediating the effects of PHe in modulation of Ik,

3.2 Involvement of PLC

To further verify the involvement of an IP; pathway in the a;.AR increase in Iica)
we exposed cells to the PLC enzyme inhibitor U-73122 (Hildebrandt, Plant & Meves,
1997). Figure 5.10A shows a PHe-induced increase in Ix.c,) in a representative PCE cell
before and after 20-30 min of superfusion with 10 uM of the PLC inhibitor U-73122. As
above, the cell was stepped from V= -62 mV to +58 mV for 500 ms. In this cell and 3 other
cells tested, PHe-mediated increases in Ixc.) were effectively blocked following exposure of
the cells to U-73122 compared to control (p>0.05; Student’s paired t-test) (Figure 5.10B).
Thus, these results together with the findings on the effects of internal dialysis of [P and
pre-incubation with thapsigargin/zero Ca*” on PCE cells, confirm the involvement of an IP;

signaling pathway in mediating the PHe-induced increases in Ixc..

6. The role of G proteins in I g, activation by PHe

In many cell types a,;-AR are coupled to PTX-insensitive heterotrimeric G proteins
of the G4 class (Summers & McMartin, 1993). To confirm G protein involvement in

mediating PHe increases in Ix(ca), the standard 100 uM GTP in the pipette was replaced
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Figure 5.10. Inhibition of PLC inhibits PHe-induced increases in | K(Ca) - (A).
Representative whole-cell currents from a single PCE cell in response to a 500 ms step
depolarization to +58 mV from V= -62 mV. Current is shown before and after pressure
application of 100 pM PHe and in the same cell before (control; PHe) and after 20-30
min incubation with 10 uM U-73122 (U-73122; +PHe). (B). PHe-mediated increase in
the mean current amplitude, normalized for cell capacitance, measured at +58 mV in 4
cells before (control; PHe) and after incubation with U-71322 (U-73122; U-73122+

PHe) for 20-30 min (*p<0.0S; Student’s paired t-test).
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with 2 mM of the G protein blocker GDPBS. When GTP was included in the pipette PHe
significantly increased I x(c.) measured at +58 mV from 32 + 11 pA/pF to 98 + 21 pA/pF
(n=5) (Figure 5.11A) . However, in another 4 celis tested on the same day from the same
culture before and after 10 min dialysis with 2 mM GDPBS in the pipette, 100 uM PHe
failed to significantly increase outward current measured at +58 mV over control value (24
* 4 pA/pF vs. 30 £ 5 pA/pF; p>0.05). This result confirms G protein involvement in the
PHe-induced activation of I k., in PCE cells.

To determine whether the a;-AR modulation of Ixc,) involved a PTX-insensitive G
protein, we then pretreated PCE cells for 12 hours with 500 ng/ml of PTX, a dose previously
shown to be effective in blocking PTX-sensitive G protein action in isolated ocular
epithelial cells (Poyer er al., 1996). The toxin inactivates G proteins of the
Gi /G, /G, class by catalyzing the ADP-ribosylation of the o subunit (Ui, 1990). Whole-cell
recordings were made from control cells (not exposed to PTX) as well as from PTX-treated
cells in standard intracellular and extracellular solutions. All cells were from the same
culture and were plated at the same time prior to PTX treatment. Figure 5.11B shows that in
4 control celis without PTX pretreatment, a 40 sec exposure to PHe (100 uM) significantly
increased Ix measured at +58 mV (V= -62 mV) from 10 + 3 pA/pF to 27 + 3 pA/pF
(Student’s paired t-test; p<0.05). In another 4 cells pretreated with PTX, a similar increase in
outward current was observed following PHe application with current increasing from 20 +
8 pA/pF to 48 + S pA/pF (Student’s paired t-test; p<0.05). These data suggest that the G

protein involved was not PTX-sensitive and therefore was not of the G; /G, /G; class.
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Figure 5.11 G proteins are involved in PHe-mediated I k. Increase. (A). Bar shows
mean (£ SEM) current amplitude measured at +58 mV with 0.1 mM GTP or 2 mM
GDPBS in the pipette before (GTP; GDPBS) or after 40 sec application of 100 uM PHe
(GTP + PHe; GDP@S + PHe). (B). Mean (+ SEM) current amplitude at +58 mV in 4
untreated cells before (control) and after PHe application (+PHe), and in cells 4
pretreated with 500 ng/ml of PTX before (PTX-treated) and after PHe-application (PTX

+PHe). Data has been normalized for cell capacitance. (*p<0.05; Student’s paired t-test).
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DISCUSSION

In this study we demonstrated that isolated rabbit PCE cells exhibit at least three

K" conductances: an inwardly rectifying K™ current, an outwardly rectifying K current
and a calcium-activated potassium current (Ix.ca)). Furthermore, we have shown that
Ix(ca) is modulated by adrenergic agonists activating a;- adrenoceptors which are
coupled to a PTX-insensitive G protein(s) and a PLC/ IP; signaling pathway. To our
knowledge this is the first report of a;-adrenergic modulation of a K~ current in
mammalian ciliary epithelial cells. This finding suggest that o;-adrenergic agonists may
act as paracrine and/or autocrine signals to modulate ion and fluid transport across the

CBE.

1.Membrane properties and voltage-dependent K' current in
rabbit PCE cells

The average resting membrane potential (RMP= -42 mV; n=33) and cell

capacitance (26 pF; n=108) of cultured rabbit PCE cells in this study compares well with
those values previously reported for isolated PCE cells from a number of mammalian
species (Jacob, 1991a & b; Stelling & Jacob, 1991& 1993), but is somewhat depolarized
compared with average value of -65 to -75 mV reported in situ for intact CBE
preparations (Green et al, 1985). As with other isolated ocular epithelia, the
enzymatic/low Ca*" isolation procedure has been suggested to contribute to this
discrepancy as it disrupts epithelial polarity and gap junction communication between the

cells (Davis et al, 1995).
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Previous studies in isolated PCE cells have identified a number of voltage
dependent ionic currents. TTX-sensitive Na~ current (Fain & Farahbakhsh, 1989), T and
L- type Ca’” current (Jacob, 1991; Farahbakhsh, Cilluffo, Chronis & Fain, 1994), CI
currents, a nonselective cation current (Jacob & Civan, 1996); both outwardly and
inwardly rectifying K currents (Fain & Farahbaksh, 1989; Jacob, 1991; Stelling &
Jacob, 1991) have all been reported. Under our recording conditions the membrane of
isolated rabbit PCE cells was dominated by K™ conductances. In 33% of isolated rabbit
PCE cells an inwardly rectifying K~ current was observed. This current has properties
similar to inwardly rectifying K™ currents described previously in isolated rabbit (Fain &
Faranhbakhsh, 1989) and bovine (Stelling & Jacob, 1992) PCE cells. In this and other
studies, the current-voltage plot for the inward rectifier K~ current shows strong inward
rectification and a time-dependent decrease in the hyperpolarizing voltage-clamp
response. These characteristics identify this current in PCE cells as an anomalous type of
inward rectifier K™ channel (Stelling & Jacob, 1992; Jacob & Civan, 1996).

All rabbit PCE cells examined exhibited depolarization-activated current that was
demonstrated to be K~ selective by tail current analysis. Our observation that the outward
current appeared very “noisy” at depolarized potentials in the majority of PCE cells
recorded from raised the possibility of the presence of two components of the outward
current. Our lab has previously demonstrated that in rabbit RPE cells such “noise” in the
whole-cell current trace is indicative of the presence of a large-conductance
Ca®"dependent K~ channels (Ix(ca)) (Tao & Kelly, 1996). Consistent with this suggestion
we identified that 36-87% of the outward current in rabbit PCE cells was (Ikcay). The

remainder of the depolarization-activated outward current was most likely the delayed
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rectifier current ( Ixvy) that has been observed in all isolated PCE cells examined to date
(Jacob & Civan, 1996; Fain & Faranhbakhsh, 1989). Similar to our findings, in cultured
bovine PCE cells the depolarization-activated outward current was also shown to be
composed of both a delayed rectifier current (Ixvy) and a Ca?"-dependent K~ current
(Ix(cay) (Jacob, 1991). However, in bovine PCE cells, Ixc.) was not a prominent as in
rabbit, and constituted only 28% of the outward current. This may suggest some species
differences or culture condition differences in ion channel expression. However, in
contrast to our results, a study by Fain & Faranhbakhsh (1989) found no evidence for

Ik(ca) In cultured rabbit PCE cells. The reason for this discrepancy is unknown.

2. Calcium-activated K* current in rabbit PCE cells

To date, all the K(c.) channels identified are dependent upon Ca”” for their
activation. These channels have been subcategorized as big (BK or maxi-K ") channels,
intermediate (IK) channels or small (SK) channels on the basis of their single channel
conductance, and their sensitivity to voltage and specific blockers (reviewed by
McManus, 1991). We identified the Ik, current that we observed in rabbit PCE cells as
arising from activation of a BK or maxi K" type of channel based on the sensitivity of
this current to voltage, to external Ca’>~ concentration and to blockade by low
concentration of external TEA (1 mM) and the selective maxi K™ channel blocker IbTX
(Giangiacomo et al, 1992 & 1993). The large variability in the amount of the outward
current that was identified as Ix.ca) (36-87%) in rabbit PCE cells may reflect

heterogeneity in K™ channel expression that has been described for both fresh and
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cultured ocular epithelial cells (Fain & Farahbakahsh, 1989; Stelling & Jacob, 1991; Tao
et al, 1994; Tao & Kelly, 1996).

In bovine PCE cells, the activity of Ixc.) was shown to be dependent in part on the
entry of Ca®” through low threshold voltage-dependent T-type Ca’” channels (Jacob,
1991). This finding was based on the observation that Ni~, but not the dihydropyridine
nifedipine, significantly reduced the amplitude of Ixc.). Approximately 13% of the T-
type channels are active at —70 mV allowing for significant Ca®” entry at the
physiological resting membrane potential of PCE cells in situ (Jacob, 1991a; Jacob,
1991b). This finding suggests that in bovine PCE cells Ixc,) may be active under
physiological conditions to provide a K~ efflux pathway. Rabbit PCE cells have been
shown to posses L-type Ca’~ channels (Farahbakhsh ez a/, 1994), but the existence of T-
type channels has not yet been demonstrated. L-type Ca®~ channels are active at
potentials 20-30 mV depolarized from the normal range of membrane potentials found in
these nonexcitable cells, and therefore would not play a role in activation of Ix.c,) under
normal physiological conditions. Under the voltage protocol used in this study however,
it is likely that Ca’” entry through these L-type Ca’" channels contributed to the activity of
Ix(ca)- This suggestion is supported by the observation that removal of extracellular Ca*"

virtually abolished the activity of Ixca).

3. Function of K* currents in the CBE

Voltage-dependent K -selective channels are a ubiquitous feature of both PCE
and NPCE cell membranes. The major functional role of the inward or anomalous

rectifier in PCE cells, as in other cell types, is to carry outward current and thus stabilize
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the membrane potential close to Ex (Fain & Farahbakahsh, 1989; Stelling & Jacob, 1992;
Jacob & Civan, 1996). Hyperpolarization of the PCE cell membranes would also lead to
an increased driving force for CI” secretion across basolateral membrane channels of the
NPCE channels and theoretically, increase aqueous humor secretion. The delayed
rectifier current (Ixvy) is the most frequently observed voltage-dependent outward current
in both fresh and cultured mammalian PCE cells. In excitable cells this current is
responsible for membrane repolarization during an action potential. Its functional role in
the CE remains undefined since this current is only activated at potentials 30-40 mV
depolarized to V. In many epithelial cell types, inward and outwardly rectifier K
channels have a polarized distribution (Hunter ef a/, 1986). Under the conditions of this
study we did not attempt to localize these channels to either the basal or apical
membrane. However, a number of studies on isolated iris-CB preparations as well as
coupled and isolated CE cells have suggested that both cell membranes possess Ba®~
blockable K™ currents (Chu er a/, 1986; Edelman er a/, 1994a; Edelman er al, 1994b).

In contrast to Ix(v), the observation in bovine PCE cells that I, is active under
normal physiological conditions, has led has to the suggestion that it may play a role in
ion transport across the CBE (Jacob, 1991; Jacob & Civan, 1996). Similar to functional
role suggested for the inward rectifier, activation of Ix.c,) in PCE cells would lead to
NPCE membrane hyperpolarization, and via alterations in transepithelial potential,
provide an increased driving force for Cl” secretion into the aqueous humor via anion
channels on coupled NPCE cells (Jacob, 1991; Jacob & Civan , 1996). It has also been
suggested that the coordinated interaction of Ixca) and T-type Ca’” channels underlies a

slow spontaneous membrane oscillation observed in bovine PCE cells (Stelling & Jacob,



273

1992; Stelling & Jacob, 1993; Jacob & Civan, 1996). At the normal potential of these
cells, ~13% of the T-type channels would be active causing depolarization of the PCE
membrane away from rest. Depolarization coupled with Ca®” entry activates Ix(cay , which
acts to hyperpolarize the membrane back to rest. In this way, the repeated cycle of
depolarization/hyperpolarization acts to maintain Vi,

Any factor that elevates intracellular Ca’" has the potential to activate Ik(ca)
(McManus, 1991). In CE cells, a broad number of agonists linked tc signaling cascades
that regulate intracellular Ca®” release have been documented to modulate aqueous humor
formation. Probable the best-studied agents for their role in modulating aqueous
formation by the CE are adrenergic drugs (Sorenson & Abel, 1996; Martin, 1996). How
these drugs affect specific ion transport pathways within the CE cells to regulate aqueous
formation remains undefined. However, in other cells types, including ocular epithelial
cells, adrenergic drugs have been shown to change the activity of Ixca) (Satoh, 1996;
Nara et al, 1998; Myraki et al, 1998; Tao & Kelly, unpublished observation). Altered
Ix(ca) activity is these epithelia has been proposed to play a role in the regulation of

transepithelial membrane potential and ion transport (Tao & Kelly, 1996).

4. Adrenoceptors receptors in the CE

4.1 Effect of adrenergics in the CE

Adrenergic agonists control many functions in the eye. Clinical and experimental
evidence from a number of mammalian species suggests that adrenergic drugs play
important roles in regulating intraocular pressure (IOP) (Krupin e a/, 1980; Chiou, 1983;

Ross & Drance, 1970). For example, the f3-adrenergic antagonist timolol is a commonly
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used drug in the treatment of glaucoma due to its ability to reduce elevated IOP. The role
of B-adrenergic agonists in regulating IOP however is less clear, with numerous studies
demonstrating conflicting results probably due to actions on surrounding tissues (Caprioli
et al, 1989; Sears, 1991). Similar to B-adrenergic antagonists, selective oz agonists, most
notably apraclonidine, have also been used for several years in reducing elevated IOP in
glaucomatous patients (Chiou, 1983). Selective a; agonists like phenylephrine have been
shown to have effects opposite to a; agonists and can actually elevate IOP (Chiou, 1983).

Adrenergic drugs can alter [OP by changing the rate of aqueous humor formation,
secretion and/or outflow. Identifying the exact mechanisms of action for these drugs is
hampered by their notably complex effect on a variety of ocular structures including
blood vessels, muscles, the trabecular meshwork and the ciliary body epithelium (CBE).
In attempts to identify the effect of adrenergic drugs on aqueous humor secretion across
the CBE, a number of researchers have employed the use of intact iris-CBE preparations
or isolated PCE and NPCE cells. Studies in the rabbit iris-CBE have demonstrated that
both - and B-AR agonists alter ionic movement across the CBE, as measured by a
decrease in short circuit current (I) in the presence of these agonists (Krupin et al 1991;
Shi et al, 1996). Although these studies did not allow researchers to deduce whether an
increase or decrease in net solute transfer had occurred they did demonstrate that
adrenergic agonists have a direct effect on ion flow across this epithelium. Recently, a
number of studies have demonstrated increases in intracellular Ca®" levels in isolated
rabbit PCE and NPE cells in response to a-AR but not 3-AR agonists (Schutte ef al,
1996; Suzuki et al, 1997). Although these studies did not provide any evidence for

functional coupling of the Ca®” increase with a particular CE function, Ca** second
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messenger systems in a variety of other epithelia are linked to change transepithelial ion
and/or fluid transport (Leipziger et al, 1996; Van-Scott e a/, 1995;: DuVall & O’Grady,
1994). This suggests that adrenergic-mediated [Ca®"J; increases might be involved in

regulating aqueous humor formation across the CE.

4.2 Potential sources of adrenergics in vivo

Strong support for endogenous catecholamines in the regulation of aqueous
production by the CE has come from a number of studies demonstrating significant levels
of both NE and EPI in human aqueous humor (Trope & Rumley, 1982; Trope et al,
1987). Three potential sources of for these endogenous catecholamines have been
proposed. The major source of NE for the eye is from ocular sympathetic nerves that are
supplied almost exclusively from the superior cervical ganglion. Within the CB, the
epithelial cells are richly innervated by nerves from a sympathetic fiber plexus located in
the region of the ciliary process (Kramer ef a/, 1972; Stone et al, 1987; Streeten, 1991).
The ciliary processes of the CB also receive a rich supply of blood from the anterior
ciliary arteries that branch from the ophthalmic artery. Studies have demonstrated that at
least one small arteriole, and sometimes several, branch into each ciliary process
(Streeten, 1982). Therefore, the ciliary arteries accompanying sympathetic nerves into the
ciliary processes may provide an important source of circulating catecholamines for the
CE. Finally, a third potential source of endogenous catecholamines may originate from
the adjacent iris tissue. The iris has been shown to synthesize EPI extra-neuronally,
predominately by the action of phenylethanolamine N-methyltransferase (PNMT)

(Elayan et al, 1990). Despite an effective uptake process for EPI into the adjacent iris
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muscle and vasculature, iris-derived EPI may act on the adjacent CE cells. The
demonstration that a number of potential sources for both endogenous EPI and NE exist
in the CB further supports a physiological role for these catecholamines in modulation of

aqueous humor formation by the CE.

4.3 ar-ARs in rabbit PCE cells

Very few studies have detailed the effects of adrenergic agonists on whole-cell
current in isolated CE cells. This study however, has identified that the nonselective
adrenergic agonist epinephrine (EPI), and the selective o,;-AR agonist, phenylephrine
(PHe), increase outward current in isolated rabbit PCE cells. The adrenoceptor stimulated
outward current was identified as Ix.a) based on the observations that it was mimicked by
the Ca *” ionophore ionomycin and blocked by the maxi-K~ channel blocker IbTX. Our
finding that the a-AR antagonist prazosin blocks PHe-mediated increases in Ixca) ,
further supports the involvement of an a;-AR subtype in mediating this response.

Radioligand binding studies have identified and localized a number of adrenergic
receptor subtypes to the CBE supporting a physiological role for these receptors in AH
formation (Nathenson, 1981; Mittag & Tormay, 1985, Wax & Molinoff, 1987; Jin,
Verstappen, Yorio, 1994). These subtypes belong to one of three recognized families of
adrenergic receptors, classified as au;, oz or . All three families share approximately
40% sequence homology and are members of the superfamily of serpentine
transmembrane G protein-coupled receptors (Reviewed by Summers & McMartin,
1993). In the epithelial cells of the CB many studies support the suggestion that 3,

adreceptors are the predominate 3-ARs present (Nathenson, 1981). The predominante
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family of a-ARs in the CBE was thought for many years to be a;-ARs (Mittage &
Tormey, 1985, Elena et al, 1989). The advent of more selective drugs and molecular
cloning techniques, however has identifyed that the expression of a-ARs in ocular
tissues, including the CBE, is more heterogeneous and includes all known a-AR
subtypes.

The a adrenergic receptor family now has more than 7 different subtypes (o, ,
a1, Qic, ®24D, A2e and azc) that have been identified on the basis of their sequence
homology and shared (or similar) signal transduction mechanisms (Watson & Arkinstall,
1994; MacKinnon, Spedding & Brown, 1994; Daunt et a/, 1997). Pharmacological
characterization of a- AR subtypes in a given tissue is hampered by the usual presence of
more than one subtype and the lack of subtype-selective drugs that can fully discriminate
between subtypes (MacKinnon et al, 1994; Zhao et al, 1996). Generally, a; -ARs
subtypes are recognized on the basis of agonist (methoxamine, BMY 7378, AH 11110A)
and antagonist (prazosin, WB4101) affinity and their susceptibility to inactivation by the
alkylating agent chlorethylclondine (Minneman & Esbenshade, 1994; Zhao et al, 1996).
a2-ARs subtypes are similarly classified on their agonist/antagonist affinity profiles.
However, a2-ARs can be pharmacological distinguished from o;-ARs on the basis of
their lack of sensitivity to the a; -AR agonist PHe and their low sensitivity to the a;-AR
antagonist prazosin (MacKinnon et al, 1994).

Detailed studies in the CBE from a number of mammalian species, including
human (Huang et al, 1995), bovine (Bylund et al, 1997), rabbit (Jin et al, 1994) and
porcine (Winkensen-Matsson et al/, 1996), have demonstrated that there is a species

specific expression pattern of both a; and a; -AR subtypes. In the rabbit CBE, all
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subtypes of o; and a; -ARs have been identified. Recent studies have suggested that a,-
ARs may be localized to the PCE cells whereas a;—~ARs, specifically the a;1- AR, are
localized to the NPE cells (Shutte et a/, 1996; Suzuki er al, 1997). These findings were
based on functional Ca®>" mobilization studies demonstrating that the selective a;- ARs
agonist brimonidine only evoked Ca>” signals in NPCE cells, whereas the selective a;-
ARs agonist PHe evoked Ca®” signals exclusively in PCE cells. Furthermore, prazosin
could block the PHe-mediated [Ca’’}; increase in PCE cells but not the brimonidine-
mediated [Ca®"}; increase in NPCE cells. Our studies are consistent with these findings
and support our hypothesis that PHe-evoked increase in I, is mediated by an

adrenoceptor subtype on rabbit PCE cells.

4.4 a;-AR signal transduction and modulation of I, channels in PCE

In most cell types, a;-AR activation couples via PTX-insensitive G proteins to
the activation of PLC and the initiation of the [P; /DAG cascade (Summers & McMartin,
1993). This signaling pathway culminates in rises in intracellular Ca*” and subsequent
Ca®” and DAG-dependent activation of PKC. Elevated [Ca?"}; is thought to occur as a
result of [P3-mediated release of Ca*” from internal stores and/or the influx of
extracellular Ca®” via voltage-dependent and non-voltage dependent Ca®” channels
(Minneman, 1988; Summers & McMartin, 1993). Several lines of evidence suggest that
like other GPCRs, a;-ARs do not couple exclusively to an [P3/DAG cascade in all cell
types. Studies have shown that, o.;-ARs can also couple to other PTX-insensitive and
sensitive signaling pathways to mediate activation of PLA,, PLD, increases in adenylate

cyclase (AC) and generation of AA (Minneman & Esbenshade, 1994; Guarion ef al,
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1996). There has been some suggestion in the literature that selective oi;-AR subtypes
may be linked to these specific transduction pathways but, to date, there is no definitive
correlation between subtype and signaling mechanism. In contrast to a;-ARs, activation
of all known a; ~ARs subtypes have been shown to couple to PTX-sensitive Gi/G,
proteins and inhibition of AC (MacKinnon ez a/, 1994). However, like a,;-ARs, more

recent studies have demonstrated that oi;—ARs subtypes may also couple to signaling
pathway linked to simulation of AC and PLC in some cell types (Daunt et a/, 1997).
Our findings that increases in Ix(ca) could be mimicked by internal dialysis with
synthetic IP; and blocked either when PLC was inhibited, or IP;-sensitive intracellular
Ca®” stores were depleted with thapsigargin, confirmed involvement of an IP; signaling
pathway in mediating phenylephrine’s effect on K(c,) channels in rabbit PCE cells. These
findings, combined with our demonstration that phenylephrine couples to a PTX-
insensitive G protein, suggests that in rabbit PCE cells o;-adrenoceptors acting via a
PLC/IP; pathway which leads to the activation of Ix.). In support of our findings,
studies in a number of cells types, including ocular epithelia, have demonstrated that
maxi-K~ channels are targets for modulation by agonists that couple to signaling
pathways linked to elevations in [Ca®*’]; (Marty, 1987 & 1989; Tao & Kelly unpublished
observations; Jacob, 1996b). In all cases Ca®~ binding to the channel protein increases
channel activity. In addition to intracellular Ca’ release, it should be noted that DAG-
activated PKC may also play a role in modulating I, in rabbit PCE cells. This
suggestion is supported by the observation that the activity of K(cay channels in an
number of cell types can be modulated by kinase-dependent phosphorylation (Marty,
1989; Critz et al, 1992; Nara et al, 1998, Pellegrino & Pellegrini, 1998). Figure 5.12

shows a schematic for the activation of Ik by a; ~AR activation in rabbit PCE cells.
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4.5 Physiological implication of I xc,) modulation by aradreneroceptors

Our findings indicate that Ixc.) may be activated at or near the resting membrane
potential in rabbit PCE cells in vitro via release of receptor-coupled Ca®* stores. The
negative shift in the activation potential for the outward K current in the presence of
adrenoceptor stimulation is consistent with data reported on maxi Ixc,) currents in rabbit
retinal pigment epithelial cells (Tao & Kelly, 1995). These data indicate that elevations in
[Ca’"]; increase the probability that Ik(ca) channels open at membrane potentials close to
the physiological resting potential of these cells. Once activated, Ik, would lead to K~
exit and PCE cell membrane hyperpolarization. Potential changes in the PCE cells would
be relayed to NPCE cells via gap junctions between the cells resulting in
hyperpolarization of the NPCE cell membrane. This membrane hyperpolarization would
increase the electrical driving force for CI” secretion into the aqueous phase via
basolateral CI” channels. Increased efflux of CI” from NPCE cells has been postulated to
augment the rate of aqueous humor secretion. This hypothesis is based on the concept
that CI" channel activity is actually a rate-limiting step in the rate of aqueous formation
(Coco-Prados et al, 1995;Jacob & Civan, 1996). Therefore, our findings suggest that
Ca®"-activated K~ channels on PCE cells are potential sites for adrenergic regulation of
aqueous humor secretion across the CBE in vivo.

Several studies on aqueous humor dynamics support the suggestion that activation
of a —ARs in vivo may augment AH formation (Krupin et a/, 1980; Chiou, 1983). In the
rabbit eye there is a circadian elevation of IOP and aqueous flow that occurs with dark
onset in the normal daily light-dark environment. Concomitant with these circadian

rhythms of aqueous humor dynamics is an elevated aqueous norepinephrine (NE) level
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(Lut & Dacus, 1991;Gregory & Nil, 1998). Sympathectomy reduces noctural elevations
in aqueous humor flow suggesting that release of NE from ocular sympathetic nerves in
involved in this circadian regulation of aqueous humor dynamics (Gregory er al, 198S:
Braslow & Gregory, 1987). Furthermore, circadian elevations in IOP can be reduced by
prazosin, supporting the involvement of a —ARs in modulating nocturnal elevations in
the rate of aqueous formation (Lui & Dacus, 1991). In light of these findings, it is
plausible that modulation of Ixc,) on PCE cells may be part of the adrenergic mechanism

underlying circadian elevations in [OP and aqueous flow.

In conclusion, we have demonstrated that I, in rabbit PCE cells can be
activated by o;-AR coupled to IPs-sensitive Ca*” stores release. /n vivo, transmitters and
hormones could modulate I ca) activity providing a mechanism for both paracrine and

autocrine regulation of aqueous humor secretion across the ciliary epithelium.
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The specialized cells of the retinal pigment epithelium (RPE) and pigmented
ciliary epithelium (PCE) perform a number of functions vital to processing the visual
image. The major role of both epithelia in the vertebrate eye is in the transport of
fluid and ions. RPE-mediated transepithelial transport between the choriod and
sensory retina is integral for maintenance of an optimal environment for
photoreceptor functioning. Electrolyte secretion across the PCE and non-pigmented
cells of the ciliary body epithelium (CBE) is essential for the formation of aqueous
humor. which nourishes the anterior segment of the eye and is an important
determinant of intraocular pressure (IOP). Given their invaluable roles, these epithelia
must be able to detect and respond to changes in the ocular environment to ensure
normal physiological functioning of the eye.

Biochemical and physiological studies have identified that a variety of G
protein-coupled receptors (GPCRs), including, muscarinic, purinergic and adrenergic
receptors are present in both the RPE and PCE (Friedman er al, 1991; Osbome et al,
1993; Wolfensberger et al, 1994; Nash & Osborne, 1995; Huang er al, 1995; Bylund
et al, 1997; Jin et al, 1994). Application of exogenous agonists linked to GPCR
activation can modulate ion and fluid transport in these epithelia, suggesting that they
may be important paracine and/or endocrine signals in vivo (Dearry et al, 1990;
Gallemore & Steinberg, 1990; Jospeh & Miller, 1992; Krupin er al. 1991). The close
apposition of the PCE and RPE to the underlying vasculature and sympathetic and
parasympathetic nerve fibers may provide an important source of endogenous

modulators which may be released from nerve endings or reach the epithelial cells via

the circulation.
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The goal of this thesis was to examine the role of receptor-coupled signaling
pathways in the regulation of cation conductances in isolated RPE and PCE cells.
Although a variety of studies have identified a number of voltage-dependent cation
and anion conductances in these cells, few studies have attempted to dissect how
signaling molecules may modulate the activity of individual ion channels. Elucidating
the cellular and molecular mechanisms regulating ion fluxes in these epithelia
provides novel information about the role of these cells in normal ocular physiology
and increase our understanding of the etiology of a number of ocular pathologies
linked to defects in RPE and PCE transepithelial transport.

This thesis has demonstrated receptor-coupled signaling pathways linked to
modulation of cation conductances in isolated RPE and PCE cells. In rat RPE cells, a
G-protein activated NSC cation current, a P,x purinoceptor NSC current and a P,y
purinoceptor-activated Kc, channel were identified. In rabbit PCE cells, activation of

ov.adrenoceptors linked to an IP3/DAG signaling pathway and intracellular Ca®”

stores release modulated the activity of K¢, channels.
In isolated rat RPE cells, the activation of a nonspecific cation (NSC) current

by G protein analogues was demonstrated to be mediated by a PTX-sensitive G;

subunit protein coupled to intracellular Ca®*” and MAP-kinase-dependent
phosphorylation. Activation of this conductance would cause membrane
depolarization, alter the transepithelial potential (TEP), and thus, affect the activity of
a variety of other ionic pumps, transporters and channels. Changes in transepithelial
transport mediated by NSC channel activation may be functionally linked to changes

in other RPE functions. For example, large depolarizations mediated by the activation
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of NSC channels in other cell types has been linked to phagocytosis and proliferation
(Young et al, 1983; Jung et al, 1992; Siemen & Gogelein, 1993).
The endogenous ligand linking NSC channel activation in rat RPE cells to the

G,i /MAP kinase pathway has not been identified. Recently, the water-soluble

phospholipid, lysophosphatidic acid (LPA), was shown to activate a PT X-sensitive
NSC current and to cause proliferative changes in cultured RPE cells (Thoreson &
Chacko, 1997). In vivo, micromolar concentrations of LPA are present in serum and
significant amounts may also be produced by stimulated platelets. In the eye, injury
or breakdown of the blood-retinal barrier may expose the RPE to LPA and/or other
serum factors. Subsequent LPA-mediated alterations in transepithelial ion transport
associated with the activation of an NSC conductance, may be linked serum-induced
RPE proliferation. In support of this hypothesis, the activation of an NSC current in
macrophages is known to be functionally linked to mitogenesis (Lipton, 1986; Young
etal, 1983)

Our preliminary findings suggest that LPA can activate a NSC and K~
conductance in rat RPE cells (Ryan & Kelly, unpublished observations). Furthermore,
Western blot data demonstrated LPA-mediated stimulation of MAP kinase in the rat
RPE. In light of these findings we hypothesize that in rat RPE cells, LPA stimulates a
PTX-sensitive Gi-coupled MAP kinase signaling pathway linked to activation of an
NSC conductance. Therefore, using acutely isolated rat RPE cells, our future research
objectives for this project would be to use molecular and whole-cell recording

techniques to:
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1. Examine the ion selectivity, voltage-dependence and kinetics of the NSC current
activated by LPA to determine if this molecule is an endogenous ligand for the GTPy

S-activated NSC current;

2. Delineate the G protein-coupled signaling pathway involved in LPA-mediated
NSC current activation using: i) scrape-loading techniques to inactivate selective G
protein subtypes and confirm the G protein involved in channel activation; ii) Ca"
imaging techniques with Fluo-3 to examine the involvement of intracellular Ca*"
release and iii) inhibitors of specific protein kinases (GF 109203 X for PKC and PD
98059 for MEK) to determine the involvement of protein phosphorylation;

3. Confirm antibody-mediated G protein knockdown and phosphorylation-dependent

activation of MAP kinase.

Our demonstration that ATP activates an NSC current provides the first
evidence for functional P,x purinoceptors in rat RPE cells. Although
electrophysiologically distinct, this ligand-gated NSC current may subserve similar
functional roles to those proposed for the G-protein activated NSC current. In
addition to the P,x-gated NSC current, electrophysiological and Ca®” imaging data
also supports P2y purinoceptor activation of a K¢, channel in rat RPE cells.
Metabotropic P,y purinoceptors are most commonly linked to G, proteins coupled to
an IP3/DAG signaling pathway and subsequent release of stored Ca’". Although the
functional role of P,y-mediated activation of K¢, channels in rat RPE is unknown, an
IP3/DAG signaling pathway has been linked to RPE-mediated photoreceptor outer

segment phagocytosis (Heth & Marescalchi, 1994). It is tempting to speculate
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therefore, that a P,y purinoceptor signaling pathway and subsequent K¢, channel
activation may provide a “molecular link” to the phagocytic function of these cells. In
support of this hypothesis, activation of P; receptors in the RPE, P,y receptors in
macrophages and K™ channel activation have all been linked to phagocytosis
(Gregory et al, 1992; Ypey & Clapham, 1984; Ince er a/, 1988; Ichinose, 1995).
Therefore, we propose to:

1. Use whole-cell patch-clamp and Ca”” imaging techniques to fully delineate the P,y
purinoceptor signaling pathway coupled to K¢, activation in rat RPE cells by: 1)
scrape loading RPE cells with specific G protein subunit antibodies to identify the G
protein involved, ii) using inhibitors of PLC or protein kinases (U-73122 for PLC, GF
109203X for PKC and PD 98059 for MEK) to identify the downstream signaling
molecules involved in P,y receptor activation; iii) simultaneously recording changes
in cytosolic free [Ca®” ] and whole-cell currents to examine the requirement for
extracellular Ca®>" influx or intracellular Ca?” stores release in K¢, channel activation.
2. Use fluorescently labeled rod outer segment (ROS) and cell imaging techniques to
monitor the time course and rate of phagocytosis following exposure of cultured rat
RPE cells to purinoceptor agonists. If ROS phagoctyosis was stimulated by
purinoceptor activation, then similar techniques to those detailed above would be

used to identify the signaling pathway involved.

Receptor-coupled regulation of ion channels in pigmented epithelial (PCE)
cells of the ciliary body would have important functional consequences for the rate

and quantity of aqueous humor secreted into the posterior chamber of the eye.
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Increased aqueous secretion is associated with increases in IOP, a major risk factor
leading to glaucoma (Cole, 1984). The causative relationship between elevated [OP
and this disease has highlighted the importance of understanding the physiological
mechanisms underlying aqueous formation by the ciliary body epithelium (CBE).
Despite the widespread use of adrenergic drugs to decrease aqueous
formation in the treatment of glaucoma, there have very few studies detailing the sites
and mechanisms of these agents at the level of ion conductive pathways in the CBE.
This thesis has identified that an o;-adrenoceptor signaling pathway linked to
PLC/IP;3 and intracellular Ca® stores release can modulate the activity of Kca

channels in isolated rabbit PCE cells. Functionally, «,-adrenergic-mediated increases

in Kca channel activity could augment aqueous formation by increasing the driving
force for CI” secretion into the posterior chamber. Sympathetic nerve fibers present
throughout the iris stroma and ciliary muscle as well as circulating catecholamines
from the “major arterial circle” in the ciliary body would provide an endogenous
source of agonist for regulation of PCE cell Kc. channels in vivo (Streeten, 1991). In
addition to K¢, channels, modulation of other ion channels in the PCE by
adrenoceptor activation may also alter aqueous humor secretion. For example, studies
have demonstrated that Cl” secretion across the CBE is a rate-limiting step in the
formation of aqueous. We have preliminary evidence that adrenoceptor stimulation
can also activate CI” conductances in rabbit PCE cells. Therefore, our future work
will:

1. Identify and characterize the voltage-dependence and kinetics of CI” currents in

isolated and cultured PCE and nonpigmented ciliary epithelial cells;
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2. Identify the adrenoceptor subtype(s) involved in I¢; activation using selective
receptor antagonists;
3. Delineate the G protein(s) and downstream signaling molecules linked to

adrenoceptor stimulation of I¢;.

The proposed future experiments will further identify cell-signaling
mechanisms involved in transepithelial transport in ocular epithelial cells. This
information is essential for the design of novel pharmacological therapies for treating
a number of ocular pathologies including; glaucoma, retinitis pigmentosa (RP) and
central serous retinopathy (CSR), where defects in RPE or PCE-mediated fluid and

ion transport have been identified.
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