Calcium-Activated Chloride Currents in Salamander

Cone Photoreceptors

by

Mélanie Renée Lalonde

Submitted to the Faculty of Graduate Studies in partial fulfillment of the requirements for
the degree of Doctor of Philosophy

at

Dalhousie University
Halifax, Nova Scotia

Canada

March 2005

©Copyright by Mélanie Renée Lalonde, 2005



Library and
Archives Canada

Bibliothéque et
* Archives Canada
Direction du
Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street

395, rue Wellington
Ottawa ON K1A ON4

Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 0-494-00973-X
Our file  Notre référence
ISBN: 0-494-00973-X
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
guelques formulaires secondaires
ont été enlevés de cette these.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



DALHOUSIE UNIVERSITY

To comply with the Canadian Privacy Act the National Library of Canada has requested
that the following pages be removed from this copy of the thesis:

Preliminary Pages
Examiners Signature Page (pii)
Dalhousie Library Copyright Agreement (piii)

Appendices
Copyright Releases (if applicable)



For Mom and Dad

iv



Table of Contents

Signature Page

Copyright Agreement Page

Dedication Page

List of Tables

List of Figures

Abstract

List of Abbreviations and Symbols Used

Acknowledgements

Chapter 1  Introduction

1.1 Organization of the vertebrate retina

1.2 Visual Pathways

1.3 Photoreceptor classification

1.3.1 Tiger salamander photoreceptor classification

1.4 Photoreceptors are morphologically polarized neurons

1.4.1 The cone pedicle

it

it

v

xit

Xiii

xvii

XViil

XX1il

11

11

13

18



1.5 Photoreceptors are non-spiking neurons that hyperpolarize in response to
light stimulation

1.6 Ca’" dynamics in cone photoreceptors

1.6.1 Ca”" regulation at the inner segment

1.6.1.1 Ca®" influx via voltage-gated Ca channels
1.6.1.2 Ca”" extrusion via plasma membrane Ca**-ATPases (PMCAs)
1.6.1.3 Ca®" sequestration into endoplasmic reticulum Ca®* stores

1.7 Chloride channels
1.7.1 The CIC family of CI channels
1.7.2 Ca*"-activated Cl channel family
1.7.2.1 Properties of Cl(Ca) channels
1.7.2.2 Molecular structure of Cl(Ca) channels

1.8  Goals and hypotheses

Chapter2  Methods
2.1 Isolation of cone photoreceptors

2.2 Solutions

vi

22

23

24

27

34

36

45

46

52

52

54

56

59

60

63



23

2.4

2.5

2.6

Drugs

Whole-cell current recordings

Instruments

Quantitative evaluation

Chapter 3  Characterization of Icyca) in Isolated Tiger Salamander

3.1

3.2

33

34

35

3.6

3.7

3.8

3.9

Cone Photoreceptors
Icica) 1s activated by depolarization-evoked Ca®" influx

Free [Ca”"}; sets the amplitude and kinetics of Ca®*-activated CI tail
currents, which deactivate following a saturated exponential function

Cone photoreceptor Icyca) is characterized by outward rectification

Increased C1(Ca) channel activation by Ca”" influx through voltage-
gated L-type Ca channels

Barium increases depolarization-induced current but inhibits Ca®*-
activated CI tail currents

Ici(ca) in salamander cone photoreceptors is blocked by the CI channel
blocker NPPB

Icicay is not modulated by calmodulin or by calmodulin inhibitors
Cl(Ca) channels are not vesicular CIC-3 channels

Summary

vii

65

66

72

73

77

78

81

86

94

98

101

104

110

116



Chapter 4 Role of Ca>* Released from Ca®" Stores in Gating Salamander

4.1

42

43

44

4.5

4.6

Cone Photoreceptor Cl(Ca) Channels

Blocking Ca*'-reuptake mechanisms into Ca®* stores does not modulate
Icica

IP;-sensitive Ca** stores do not generally contribute to Cl(Ca) channel
activation

Ryanodine-sensitive Ca?' stores do not contribute to Icica) activation

4.3.1 The source of Ca®" for Icycy activation during depolarization is
not ryanodine-sensitive

4.3.2 Caffeine has no effect on I¢yc,) elicited by the standard
depolarizing protocol

Inhibition of Icycay by lanthanum (La’")

Ici(ca) 1s significantly increased by repeated depolarizing pulses in the
presence of caffeine

Summary

Chapter 5  High [Ca2+]i-lnduced Inhibition of I¢yca
p (Ca)

5.1

52

53

54

Enhancement of Icyca) followed by inhibition during repeated depolarizing
pulses at 1 sec intervals in the presence of caffeine

Ici(ca) 1s inhibited following repeated strong depolarizations

Icicay inhibition following repeated strong depolarizations is increased
in the presence of SERCA pump inhibitors

Ici(ca) inhibition following repeated strong depolarizations is increased
and becomes irreversible in the presence of H-8, a protein kinase inhibitor

viii

119

120

125

129

130

133

137

140

146

148

149

153

156

159



55 Icicay is enhanced by okadaic acid, a protein phosphatase inhibitor, and
is inhibited by its washout 168

5.6 Enhancement of I¢yca is followed by inhibition in the presence of ionomycin 171

5.7 A transient conductance is observed at -60 mV holding potential in the

presence of ionomycin 178
5.8 In the absence of extracellular Ca2+, ionomycin does not activate Icyca) 181
5.9  Summary 185
Chapter 6  Discussion 189
6.1 CIl(Ca) channels are activated by submembrane [Caz+]i 190
6.1.1 Icyca activation is tightly coupled to Ca®" influx 191

6.1.2 Deactivation of Ca**-activated CI  tail currents reflects changing
submembrane Ca** levels 192

6.1.3 Cone photoreceptor Cl(Ca) channels may be co-localized with
L-type Ca channels at the plasma membrane 193

6.1.4 Cone CI(Ca) channels may be directly activated by Ca* 194

6.2  Negligible role of Ca®" released from Ca”" stores in gating of salamander
cone IC](Ca) 194

6.2.1 Ca® responsible for Icicay activation is not amplified by calcium-
induced Ca*"-release from ryanodine-sensitive Ca®" stores 195

6.2.2 RyR channels may be spatially distant from CI(Ca) channels in
salamander cone photoreceptors 196

ix



6.3

6.4

6.2.3 Ca”' release from internal stores may not contribute to
submembrane Ca’" levels

6.2.4 CI(Ca) channels are likely not regulated by IP;-sensitive Ca’" stores

Ca’' released from caffeine-sensitive stores contributes to Icica) regulation
only when Ca®' levels are increased

High [Ca®*}-induced inhibition of Icjca)

6.4.1 Caffeine-sensitive stores regulate Icica) when submembrane
[Ca®'Y; is overloaded

6.4.2 Mechanisms involved in Icycq) activation may be disrupted
by high [Ca®"};

6.4.3 Phosphorylation mechanisms affect Cl(Ca) channel activation

6.4.4 Direct Cl(Ca) channel inhibition may explain Icyc,) inhibition
when submembrane Ca®' levels are elevated

Chapter 7  Conclusion

7.1

7.2

7.3

Future studies

Finding the major functional role for Cl(Ca) channels in cone photoreceptors

7.2.1 lIcyca) may play a significant role in mediating the effects of synaptic
feedback from horizontal cells during surround illumination of a cone

7.2.2 The role of Icyca) during the feedback response depends on Ec

Finding the molecular identity for Cl(Ca) channels in cone photoreceptors

197

198

199

201

201

202

203

204

206

208

210

210

212

213



7.3.1

Appendix 1

Appendix 2

References

Is the channel responsible for Icica) a member of the CLCA family?

Ionomycin Increases [Ca2+]i in a Sustained Manner in
Salamander Cone Photoreceptors

IP;-Induced Oscillations in Icyca)

xi

214

216

219

224



2.1

22

List of Tables

Composition of extracellular solutions (mM)

Composition of intracellular solutions (mM)

Xii

64

64



1.1

12

1.3

14

1.5

1.6

1.7

1.8

2.1

22

23

24

List of Figures

Schematic representation of a cross section through the vertebrate retina,
showing the neuronal architecture

A simplified schematic of the rod and cone retinal visual pathways

A schematic structure of a cone photoreceptor showing two distinct
compartments: the outer segment and the inner segment

Electron micrograph of two invaginating synapses within a cat cone pedicle

In the cone pedicle, Ca?" is regulated by voltage-gated Ca channels, PMCAs,

SERCAs, IP;Rs, and RyRs

Dendrogram comparing the human amino acid sequences of a1l subunits
of voltage-gated Ca channels

Structural organization of multi-subunit voltage-gated Ca channels

The mammalian CIC family of CI channels

Typical salamander cone photoreceptors examined during patch-clamp
experiments

Diffusion of ions from the patch-pipette into the cell cytoplasm following
the whole-cell patch-clamp configuration

Simplified circuit for the whole-cell patch-clamp configuration

A representative example of whole-cell voltage-clamp recording and
analysis obtained from a salamander cone photoreceptor

Xiii

16

21

26

29

32

50

62

68

-

75



3.1 Icica) activates following depolarization-evoked Ca’' influx in isolated
tiger salamander cone photoreceptors 80

32 Salamander cone Ca**-activated CI tail currents, which deactivates
following a saturated exponential function, are regulated by free [Ca®"}; 84

3.3  Step depolarizations in the presence of ionomycin (IONO; 5 or 10 uM; n=3)
evoked sustained I¢yca) activation in cone photoreceptors 88

3.4  Calcimycin (tionophore A23187) did not modify Icica) in cone photoreceptors 91

3.5  Repeated strong depolarizations (0 mV pulses of 100 ms duration, repeated
at 2 Hz) elicited sustained Icycq) activation, characterized by outward
rectification at positive potentials 93

3.6  Cone photoreceptor CI(Ca) channels are activated by Ca®" influx through
voltage-gated L-type Ca channels 96

3.7  Ca” substitution with barium (Ba>") in the extracellular solution increases
the current measured during depolarizing voltage steps and abolishes Ca**-
activated CI  tail currents 100

3.8  The chloride channel blocker NPPB (100 uM) reduced Icica) and Ca
channel currents in salamander cone photoreceptors 103

3.9  Activation of CI(Ca) channels by Ca®" is not regulated via an intermediate
mechanism involving calmodulin (CaM), a Ca®*-binding protein 106

3.10 CaM inhibitors, trifluoperazine and calmidazolium, had insignificant
effects on Icyca) 109

3.11 Cl(Ca) channels responsible for Icica) are not vesicular CIC-3 channels
that integrate with the plasma membrane upon Ca? influx 113

3.12  Blocking vesicle docking with Tetanus toxin did not modulate I¢yca) 115

Xiv



4.1

42

43

4.4

4.5

4.6

4.7

5.1

52

53

54

5.5

Inhibiting Ca**-reuptake into Ca*" stores via SERCA pump blockade using
cyclopiazonic acid and thapsigargin did not modulate Icyca)

Icicay Was insensitive to Ca?'-release from IP;-sensitive Ca®* stores (n=5)

CICR from ryanodine-sensitive stores does not contribute to depolarization-
evoked Icycq) activation since ryanodine (Ry; 10 pM; n=7) had little effect
on Icycay

Superfusion of caffeine (1 mM; n=4, 10 mM; n=5) does not modulate Icyca),
suggesting that Ca>* release from caffeine-sensitive Ca** stores does not
contribute to Cl(Ca) channel activation in cone photoreceptors

The PMCA and Ca channel antagonist, lanthanum (La3 " 1 mM; n=5),
inhibits Icyca) without immediate recovery

The increase in Igyca) induced by repetitive depolarizing pulses was
enhanced in the presence of caffeine (3 mM and 10 mM)

Example of current increase elicited by repetitive depolarizing pulses
in control conditions and in the presence of 3 mM caffeine

Repetitive depolarizing steps at 1 sec intervals induce a transient
Icyca) increase in the presence of caffeine

Ici(ca) 1s inhibited in a reversible manner following repeated strong
depolarizations

Icicay inhibition following repeated strong depolarizations seen in control
conditions was increased in the presence of the SERCA pump blocker,
thapsigargin

Inhibition of Iyca) following repeated strong depolarizations seen in control
conditions was increased in the presence of cyclopiazonic acid

H-8 alone did not modulate Icic,) (n=5)

XV

124

128

132

135

139

143

145

152

155

158

161

165



5.6

5.7

5.8

59

5.10

5.11

H-8 increased the repeated strong depolarization-induced inhibition effect
on I¢ica) and prevented current recovery (n=4)

When dephosphorylation mechanisms are inhibited or activated, Icyca) is
increased and inhibited via negative and positive shifts in activation curves,
respectively

Ici(ca) 1s enhanced then subsequently inhibited in the presence of
ionomycin (5 or 10 uM; n=3)

Ionomycin (5 or 10 uM) transiently increases Iy, but inhibits the current
measured during depolarizing voltage steps to -20 mV (repeated every 5 or
15 sec; n=5)

CI(Ca) channels may also be inhibited by high [Ca®"); achieved via
ionomycin superfusion

In the absence of extracellular Ca**, ionomycin (5 or 10 pM; n=6)
does not activate Icica)

xvi

167

170

174

176

180

183



Abstract

Calcium-activated chloride channels are present in cone photoreceptors but their
physiological role has not clearly been defined. This dissertation characterizes the
kinetics and regulation of Ca’*-activated CI currents (Icica)) In salamander cone
photoreceptors and provides evidence for their functional role in the retina. Icica),
sensitive to the Cl channel blocker NPPB, activates in response to depolarization-evoked
Ca®* influx. The slow and complex deactivation kinetics of Ca’-activated CI  tail
currents following repolarization is considered to reflect the changing submembrane
concentration of intracellular calcium ([Caz+];). The dihydropyridine Ca channel agonist
BayK increased Icyca), demonstrating the importance of Ca®" entry through L-type Ca
channels for CI(Ca) channel activation. The deactivation kinetics of I¢cyca) Were resistant
to manipulations of Ca’* uptake and release from Ca®* stores. The
sarcoplasmic/endoplasmic  reticulum Ca**-ATPase (SERCA) pump inhibitors,
cyclopiazonic acid and thapsigargin, had no significant effect on tail current kinetics. IP3
and the Ca**-induced Ca’" release (CICR) modulators, caffeine and ryanodine, also had
no discernable effect on the tail current. However, the submembrane [Ca**};-dominated
deactivation kinetics of Icica) were altered by increased [Ca®™"]; when modulating agents
of Ca** stores were combined with repetitive depolarizations to induce Ca2+—loading.
Under these conditions, Icica) became strongly inhibited. Thus, the normal activation and
deactivation of Icyca) appears to be dominated by fast Ca®* diffusion and buffering, but
stores provide essential regulation of [Ca®"]; when Ca®" influx is very high. High [Ca®'];-
induced inhibition of Icyca), Which involves dephosphorylation mechanisms within the
cell, may reflect fast inhibition of Ca channels, followed by a slower inhibition of Cl(Ca)
channels. In darkness, when intracellular Ca®* levels are highest within cone
photoreceptors, Icycay may prevent strong depolarizations; however, in overloaded Ca**
conditions, Ca and Cl(Ca) channel inhibition likely represents an effective protective

mechanism for the cells.

Xvii
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Chapter 1

Introduction



The retina i1s a highly organized layer of neuronal tissue that functions to detect
environmental stimuli by analyzing the spatial and temporal patterns of light. Cone
photoreceptors are fundamental neurons involved in the capture and conversion of
photons into electrochemical signals, which are then transmitted to the brain. The 1on
channel composition of cone photoreceptors has been previously studied (Maricq and
Korenbrot, 1988; Barnes and Hille, 1989; Lasater and Witkovsky, 1991; Maricq and
Korenbrot, 1990a; Maricq and Korenbrot, 1990b; Yagi and MacLeish, 1994). Among
important conductances involved in cone function is a chloride conductance activated by
intracellular Ca2+, called Ca**-activated CI' current, or Icyca). It is generally considered
that a key role of Icica) in cone photoreceptors is to stabilize membrane potential and
prevent strong depolarizations (Bader et al, 1982; Maricq and Korenbrot, 1988;
Thoreson and Burkhardt, 1991; Barnes and Deschenes, 1992). The characterization of
Icica) activation is the focus of this dissertation, and the results bear on the question of the
role of Icycs) In visual processing.

Chapter 1 will highlight the anatomical and physiological properties of the
vertebrate retina, with particular emphasis on cone photoreceptors, the cells of interest for
the present research. More specifically, Ca** dynamics at the cone inner segment will be
presented and Icyca will be introduced. Chapter 2 consists of the detailed methods,
including a description of the whole-cell patch-clamp recording technique, used to study
Icica) In freshly isolated salamander cone photoreceptors. Chapter 3 will outline
important characteristics unique to Icyc. and demonstrate how the gating of Cl(Ca)
channels depends on intracellular Ca** concentration ([Ca®'];). The data from Chapter 4

will describe the role of intracellular Ca®* stores in Icica) activation. Chapter 5 will



introduce the hypothesis that excessive [Caz+]i leads to Icyca) nhibition, a phenomenon
not previously described in cone photoreceptors. Chapter 6 consists of a general
discussion of the findings presented in this dissertation and will explain how they
contribute to the overall understanding of cone function. Finally, Chapter 7 summarizes

all findings and outlines proposals for future research.

1.1 Organization of the vertebrate retina

The vertebrate retina is a portion of the central nervous system (CNS) consisting
of a well-structured arrangement of neurons and glia (see review by Wassle and Boycott,
1991). The laminar organization of the retina is shown in Figure 1.1. Two layers of
synaptic contacts, called the outer and inner plexiform layers (OPL and IPL,
respectively), separate three distinct layers of neuronal cell bodies, called the outer
nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL). The cell
bodies of the photoreceptors, rods (R) and cones (C), are located in the outer nuclear
layer. The synaptic terminals of photoreceptors contact second-order neurons, bipolar
(B) and horizontal (H) cells (Dowling, 1987). Whereas bipolar cells are involved in the
vertical transmission pathway, relaying information from photoreceptors to retinal
ganglion cells (G), horizontal cells are responsible for lateral interactions within the outer
retina. The inner nuclear layer contains the cell bodies of those second order neurons, as
well as amacrine (A), and interplexiform (I) cells. Amacrine cells are known to be
responsible for interactions within the inner retina, whereas interplexiform cells link the
two plexiform layers by receiving synaptic input in the inner plexiform layer and making

synapses upon neurons at the outer plexiform layer. Miiller cells, the principal type of



Figure 1.1 Schematic representation of a cross section through the vertebrate retina,
showing the neuronal architecture. The cell bodies of retinal neurons are located in three
layers: the outer nuclear layer (ONL), the inner nuclear layer (INL), and the ganglion
cell layer (GCL). Whereas the outer nuclear layer contains the cell bodies of rod (R) and
cone (C) photoreceptors, the inner nuclear layer includes those of horizontal (H), bipolar
(B), amacrine (A), and interplexiform (I) cells. Synaptic contacts between retinal
neurons located in the outer and inner nuclear layers occur in the outer plexiform layer
(OPL). Retinal ganglion cell (G) bodies are located in the ganglion cell layer. Retinal
neurons found in the inner nuclear layer make synaptic contacts with these cells in the
mner plexiform layer (IPL). Retinal ganglion cells are the output neurons of the retina, as
their axons form the nerve fiber layer (NFL), which projects to higher visual centers in

the brain via the optic nerve. (Adapted from Dowling, 1996).
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retinal glia, extend throughout the entire depth of the retina. Their cell bodies, however,
are usually located in the inner nuclear layer. The cell bodies of the retinal ganglion cells
form the innermost nuclear layer of the retina, called the ganglion cell layer. Displaced
amacrine cells are also found in the ganglion cell layer and can comprise as much as 20%
of the total amacrine cell population of the macaque monkey retina (Koontz et al., 1993).
Retinal ganglion cell axons form the nerve fiber layer (NFL) and, via the optic nerve, are
responsible for the transmission of visual information from the retina to higher visual

centers located in the brain.

1.2 Visual pathways

Visual information is channeled to the brain via multiple synaptic pathways.
Figure 1.2 illustrates the vertical pathway, which consists of information transfer from
photoreceptors to retinal ganglion cells via bipolar cells. Retinal neurons responding
with sign-preserving (hyperpolarizing) and sign-inverting (depolarizing) responses to
light are shown in grey and white, respectively. The cone (C) circuitry through the retina
differs from that of the rod (R). Cone photoreceptors connect with two basic types of
bipolar cell, referred to as ON- and OFF-cone bipolar cell (ON- and OFF Cone BC).
They make sign-inverting synapses with ON-cone bipolar cells and sign-preserving
synapses with OFF-cone bipolar cells. This subdivision of cone bipolar cells can be
related to the type of connection that they make with the output synapse of cone
photoreceptors, called the cone pedicles (described in Section 1.4.1). ON-cone bipolar
cell dendrites are inserted centrally into the invaginating synapses of the cone pedicles

(see Fig. 1.4). On the other hand, OFF-cone bipolar cells make flat contacts with the base



Figure 1.2 A simplified schematic of the rod and cone retinal visual pathways. Retinal
cells that respond with sign-preserving and sign-inverting synapses are shown in grey and
white, respectively. The cone (C) and rod (R) retinal circuitry differ. Cone
photoreceptors make sign-preserving synapses with horizontal cells (HC) and OFF-cone
bipolar cells (OFF-Cone BC), and sign-inverting synapses with ON-cone bipolar cells
(ON-cone BC). ON- and OFF-cone bipolar cells relay the visual information to ON- and
OFF-ganglion cells (ON- and OFF-GC), establishing a parallel ON and OFF-cone
pathway. Rod photoreceptors synapse with one type of bipolar cell called the ON-rod
bipolar cell (ON-Rod BC), which does not directly contact the retinal ganglion cells.
Rather, they make synaptic connections with AIl amacrine cells (AIl AC). All amacrine
cells relay excitatory and inhibitory input from the rod signal to the established parallel

ON- and OFF-cone pathways, respectively.
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of the cone pedicles (Dowling and Boycott, 1966; Boycott and Kolb, 1973; Vardi et al,,
1998). Cone photoreceptors also make sign-preserving synapses with horizontal cells.
Horizontal cells are coupled to each other via gap junctions (see reviews by Kaneko,
1971; Naka, 1971). These cells have large receptive fields, as their dendrites form a
dense network in the outer plexiform layer, and provide a surround-induced inhibition to
the central cone response (Baylor et al., 1971; Naka, 1971; Lasansky, 1981).

The response of ON- or OFF-cone bipolar and horizontal cells to the release of
glutamate from the presynaptic cone terminal is determined by their corresponding
glutamate receptors (Slaughter and Miller, 1985; Brandstatter et al., 1998). Glutamate
receptors are divided into two major groups: metabotropic receptors (mGluR), which
activate a second messenger signal cascade via a G-protein (Pin and Duvoisin, 1995), and
ionotropic receptors (iGluR), which are integral membrane proteins responsible for the
opening of non-selective cation channels when activated by glutamate (Dingledine et al.,
1999). Metabotropic glutamate receptors embedded in ON-bipolar cell dendrites link
glutamate to the closure of cation channels, which causes these cells to hyperpolarize in
the dark (Nawy and Jahr, 1991; Yamashita and Wissle, 1991). The specific G-protein-
coupled receptor located at the ON-bipolar cell is thought to be mGluR6 (Nomura et al.,
1994; Vardi and Morigiwa, 1997). Whereas ON-bipolar cells have metabotropic
glutamate receptors, ionotropic AMPA and kainate glutamate receptors are expressed on
the postsynaptic OFF-cone bipolar and horizontal cell dendrites (Schultz et al., 1997;
Morigiwa and Vardi, 1999; Qin and Pourcho, 1999; Yazulla and Studholme, 1999).
Glutamate released from the presynaptic cone terminals causes sodium (Na') influx

through ionotropic glutamate receptors, thereby depolarizing these cells in the dark.



Cone bipolar cells make direct synaptic connections with ganglion cell dendrites
(Kolb, 1974). ON- and OFF-cone bipolar cells connect ON- and OFF-ganglion cells
(ON- and OFF-GC), respectively, and these contacts are made in different sublamina of
the inner plexiform layer (Nelson et al., 1978). These direct parallel ON and OFF
pathways in the cone circuitry differ, at least in mammals, from those of the rod visual
circuitry. Rod photoreceptors make synaptic connections with a single type of bipolar
cell, called the ON-rod bipolar cell (ON Rod BC). The rod synaptic terminal, called the
rod spherule, has two synaptic ribbons, which are associated with two laterally positioned
horizontal cell axon terminals and two centrally invaginating ON-rod bipolar cell
dendrites. The synaptic connection between rod photoreceptors and ON-rod bipolar cells
is sign-inverting and consequently these cells depolarize to light, although rod
photoreceptors are in a hyperpolarized state. ON-rod bipolar cell axons terminate in the
inner plexiform layer of the retina, close to retinal ganglion cell bodies. Unlike cone
bipolar cells, which make direct contacts with retinal ganglion cells, ON-rod bipolar cells
form sign-preserving synaptic contacts onto a type of amacrine cell, the ON-center All
amacrine cell (All AC) (Kolb and Famiglietti, 1974; Famiglietti and Kolb, 1975; Kolb
and Nelson, 1983; Chun et al., 1993). Amacrine cells relay information to both classes of
cone bipolar cells. They make sign-inverting synapses with OFF-cone bipolar cells,
inhibiting these cells via a conventional glycinergic synapse. Excitatory input originating
from the rods is conducted through gap junctions between AIl amacrine cells and ON-
cone bipolar cells. Cone bipolar cells can subsequently convey rod input to retinal

ganglion cells via the established parallel ON and OFF pathways.
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1.3  Photoreceptor classification

Two types of photoreceptors, rods and cones, transduce light stimuli into an
electrical signal. Most vertebrates, including humans, have a rod-dominated retina. Rod
photoreceptors respond to dim light and mediate vision in dimly lit environments
(scotopic vision). They have a higher level of photopigment than cones and are therefore
more sensitive to light. Although relatively slow in their response to light stimulation,
rods can reliably detect single photons. Cones only represent 3% of all photoreceptors in
the human adult retina. They are concentrated at the center of the retina, a region called
the fovea, but are dramatically outnumbered by rods in the periphery. Cone
photoreceptors operate optimally in daylight (photopic vision). They are less sensitive
than rods but are faster to respond and provide high acuity vision due to their close
packing. Whereas rods only contain the photopigment rhodopsin, trichromatic species,
such as humans, have three isoforms of opsin expressed in distinct cone types. The three
human cone types have peak wavelength sensitivities at 440-450 nm (blue cones), 535-
555 nm (green cones), and 570-590 nm (red cones). Due to their different spectral
sensitivities, cones are responsible for colour vision. Other mammalian species, such as
mice, are dichromatic and lack the long wavelength cone. Some lower vertebrates,
including the tiger salamander, lack green-sensitive cones but have a cone subtype that

expresses an opsin molecule responsible for detection of ultraviolet light.

1.3.1 Tiger salamander photoreceptor classification

The retina of the tiger salamander, Ambystoma tigrinum, is commonly used to

study both retinal physiology and circuitry, mainly due to the large size and excellent
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survival of their retinal cells. Photoreceptor subtype identification has been extensively
studied in these animals using a combination of morphological- and
immunocytochemical-based techniques (Harosi, 1975; Mariani, 1986; Makino et al.,
1991; Perry and McNaughton, 1991; Braekevelt, 1993; Makino and Dodd, 1996; Sherry
et al., 1998). Six morphological types of photoreceptors, which appear to be distributed
in all retinal regions, can be distinguished in the tiger salamander retina: two rod
subpopulations, identified as M- and S-rods, and four cone subpopulations, called small
single cones, large single cones, and principal and accessory members of double cones
(Mariani, 1986; Sherry et al., 1998).

Rods are the most abundant type of photoreceptor in the tiger salamander retina,
comprising 62% of the total photoreceptor population (Mariani, 1986; Sherry et al.,
1998). They are larger than cones and easily distinguished by their long, rod-shaped
outer segments. M- and S-rods (medium and short wavelength-sensitive) respectively
correspond to the ‘red’ and ‘green’ rods previously reported in frog retinas (Liebman and
Entine, 1968; Hicks and Molday, 1986). They can be discriminated based on their
morphology and spectral sensitivity. M-rods are larger and far more numerous than S-
rods, representing ~98% of the total rod population (Bader et al., 1982; Mariani, 1986;
Sherry et al., 1998). Their maximum sensitivity (~520 nm) is in the medium wavelength
range. S-rods are smaller than M-rods, due to their smaller outer segment size (Sherry et
al., 1998), and are quite rare, representing only 1% of the total photoreceptor population.
S-rods respond best to shorter wavelength light, as they show peak sensitivity at 430 nm

(Cornwall et al., 1984; Makino and Dodd, 1996).
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Tiger salamander cones make up 38% of the total photoreceptor population
(Mariani, 1986; Sherry et al., 1998). Two types of single cones have been described
based on morphological criteria: a small single cone and a large single cone (Mariani,
1986). Small single cones can be distinguished by their shorter and smaller inner
segment, and are somewhat more numerous than S-rods, making up to 5% of the total
photoreceptor population. This least common type of cone in salamander retina can be
further divided into three subtypes based on their maximal spectral sensitivity: red- (610
nm), blue- (440 nm), and UV- (380 to 400 nm) sensitive (Makino et al., 1990; Perry and
McNaughton, 1991; Makino and Dodd, 1996; Sherry et al., 1998). The largest and best-
characterized population of cones is the large single cone. With their short conical outer
segment, and their elongated inner segment, they can be morphologically distinguished
from the double cones and the smaller and less numerous small single cones. Double
cones, identified by paired somata, inner segments, and small outer segments (see Fig.
2.1), are not electrically coupled (Atwell et al., 1984). The principal member of the
double cone has a slender inner segment, and can therefore be distinguished from the
accessory member. Similar to red-sensitive small single cones, large single and double
cones are red-sensitive with a peak sensitivity at 610 nm (Mariani, 1986; Perry and

McNaughton, 1991; Makino and Dodd, 1996, Sherry et al., 1998).

1.4  Photoreceptors are morphologically polarized neurons
Photoreceptors are divided into two main compartments: the outer segment and
the inner segment, which includes the ellipsoid region, the cell body, and the synaptic

terminal. A diagram of cone photoreceptor morphology is shown in Figure 1.3. The
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photoreceptor outer segments are positioned in close proximity to a specialized
monolayer of opaque cells, collectively termed the retinal pigment epithelium (RPE).
Located behind the RPE layer is a vascularized choroid, which offers nutrients vital to
photoreceptor survival and function. In addition to providing necessary trophic support
fundamental to photoreceptor function, the RPE cells also facilitate the transport of both
nutrients and metabolic waste between the vasculature of the choriocapillaris and the
photoreceptors. Another important role served by RPE cells is to absorb photons that
have not been absorbed by photopigment.

The cone outer segment is filled with uniformly spaced lamellar membranes,
which are continuously renewed by invaginations of the plasma membrane at the base of
the outer segment, and which shed from the apical surface. Photon capture by opsin
molecules embedded within the phospholipid bilayer of the outer segment disk initiates
the phototransduction cascade. Phototransduction is the process by which photons of
light are absorbed by visual pigment molecules in a photoreceptor cell and translated into
an electrochemical signal that is sent to the brain (see review by Burns and Baylor, 2001).

Numerous organelles are located in the cone inner segment at specific
subdivisions. The mitochondria, responsible for the cell’s energy production, and the
endoplasmic reticulum (ER), the main source of Ca* stores, are predominantly located at
the ellipsoid and subellipsoid regions, respectively. Opsin molecules are synthesized in
the inner segment and translocated to the outer segment via a vesicular transport system.
A physically distinguishable part of the inner segment is the synaptic terminal, or cone

pedicle. Cone pedicles consist of a number of invaginating synapses, which contain
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Figure 1.3 A schematic structure of a cone photoreceptor showing the two distinct
compartments: the outer segment and the inner segment. The outer segment is
embedded within a layer of opaque cells called retinal pigment epithelium (RPE).
Inserted into folds of the outer segment plasma membrane are photopigments, which are
responsible for capturing light photons and initiating the phototransduction cascade. The
inner segment can be further divided into three different compartments: the ellipsoid
region, the cell body, and the synaptic terminal, also called the cone pedicle. The
ellipsoid region is the energy-producing center of the cell due to the large amount of
mitochondria. The main location of Ca®" stores, the endoplasmic reticulum (ER), is
mainly found in the subellipsoid region, which also contains the Golgi complex. The
synaptic terminal consists of many invaginating synapses and is the site of glutamatergic
neurotransmission from cones to second order neurons. It contains dense structures
known as synaptic ribbons, which direct the flow of glutamate-filled vesicles to release
sites at the plasma membrane. Only one invaginating synapse, exaggerated in size, is

shown in the diagram for simplification. (Adapted from Krizaj and Copenhagen, 2002).
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glutamate-filled vesicles. These output synapses are the site of glutamatergic
neurotransmission from photoreceptors to second order neurons and will be reviewed in
the next section.

The membrane protein composition of the outer and inner segment also differs.
The photoreceptor outer segment only contains one class of ion channel, which are non-
selective cation channels called the cyclic-nucleotide gated channels (CNGCs or cyclic
guanosine 5’-monophosphate (cGMP)-gated channels). Also located at the outer
segment is an electrogenic Na':K", Ca®" exchanger (also called NCKX), responsible for
Ca’" extrusion (Cervetto et al., 1989; Reid et al., 1990; Krizaj and Copenhagen, 1998).
Conversely, a number of different classes of ion channels are localized to the inner
segment plasma membrane. In salamander cone photoreceptors, these channels are
responsible for the following five conductances: a Ca**-activated CI” current (Icica), the
focus of the present study, a voltage-gated Ca®" current (Ic,), a voltage-gated K current
(Ikx), a Ca**-activated K* current (Ix(ca)), and a current activated by hyperpolarization (Ip)
(Barnes and Hille, 1989). Icycs) was first identified in salamander rod inner segments
(Bader et al., 1982) and Xenopus oocytes (Miledi, 1982; Barish, 1983). The presence of
Icicay Was first detected in salamander cones by Lasansky (1981) and then described in
lizard (Maricq and Korenbrot, 1988), salamander (Barnes and Hille, 1989) and primate
(Yagi and MacLeish, 1994) retina. Ic, activates at potentials positive to -40 mV and
peaks at membrane potentials close to -10 mV. Salamander cone Ca channels do not
show inactivation; however, in general, different Ca channel subtypes differ in their
inactivation (Hille, 2001). Ic, was also described in lizard (Maricq and Korenbrot, 1988),

turtle (Lasater and Witkovsky, 1991), and primate (Yagi and MacLeish, 1994) cone
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photoreceptors. Beech and Barnes (1989) discovered Ikx in isolated salamander rods.
This conductance, which was also described in lizard cone inner segments (Maricq and
Korenbrot, 1990a), is a calcium-insensitive outwardly rectifying K channel that is
blocked by tetraethylammonium (TEA). Ik(ca) activates positive to -30 mV, but only
becomes prominent close to 0 mV, outside the normal operating range of the cell. Iisa
non-selective inward current that activates and deactivates at membrane potentials
negative and positive to -50 mV, respectively. Maricq and Korenbrot (1990b) described
a similar I, responsible for shaping the recovery phase of the photoreceptor light
response, in isolated lizard cones. In addition to the five conductances described above, a
glutamate-activated Cl channel exists in tiger salamander cone photoreceptors (Picaud et
al., 1995; Larsson et al., 1996). Due to its ionic dependence and pharmacology, this
glutamate-elicited current has been suggested to be generated by a glutamate transporter
coupled to a Cl channel (Grant and Werblin, 1996). Furthermore, high densities of ion
transporters, such as plasma membrane Ca**-ATPases (PMCAs), are located at the inner

segment (Krizaj and Copenhagen, 1998; Morgans et al., 1998; Krizaj et al., 2002).

1.4.1 The cone pedicle

Cone pedicles, the location of the multiple output synapses of a single cone
photoreceptor, have been previously described in the primate retina (Missoten, 1965;
Dowling and Boycott, 1966; Calkins et al., 1996; Chun et al., 1996). Each pedicle is 6 to
10 pum in diameter and is characterized by invaginating synapses that vary in number
depending on the location of a cone photoreceptor within the retina. For example,

approximately twenty and forty invaginating synapses have been estimated in macaque
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cones located in the fovea and periphery, respectively (Chun et al., 1996). Each cone
invaginating synapse typically contains three postsynaptic dendrites: two laterally
positioned horizontal cell dendrites and one centrally positioned ON-cone bipolar cell
dendrite. It is therefore referred to as a triad (Dowling and Boycott, 1966). Figure 1.4,
an electron micrograph by Kolb (1974), illustrates this organization. Altogether, a single
cone pedicle is thought to be associated with several hundred individual synaptic contacts
(Missotten, 1965; Chun et al., 1996; Haverkamp et al., 2000). Braekevelt (1993) studied
the tiger salamander photoreceptor population via light and electron microscopy. His
observations indicate that, like in mammals, cones have synaptic pedicles, which show
several invaginated and superficial synapses.

The photoreceptor synaptic terminals are concentrated with glutamate-filled
vesicles (Lasansky, 1973; Adly et al., 1999). Associated with each invaginating synapse
is a dense structure known as synaptic ribbon, which directs the flow of glutamate-filled
vesicles to release sites at the plasma membrane of synaptic terminals (Rao-Mirotznik et
al., 1995). In vertebrates, synaptic ribbons have also been described in rods, bipolar cells,
and the cochlear hair cells of the auditory system (Wagner, 1997). The sustained high
rate of tonic neurotransmitter release from photoreceptor terminals requires the presence
of ribbon synapses. At these sites, as in conventional synapses, Ca?" influx following

presynaptic depolarization triggers exocytosis of vesicles docked at the active zone.
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Figure 1.4 Electron micrograph of two invaginating synapses within a cat cone pedicle.
Each cone pedicle is characterized by many invaginating synapses, but only two are
pictured here. Each invaginating synapse exists as a triad due to the presence of two
horizontal cell dendrites (HC), and one ON-bipolar cell dendrite (ON-BC). Each triad
holds a single synaptic ribbon (SR), located at glutamate release sites. Synaptic ribbons
facilitate the rapid fusion of synaptic vesicles to the synaptic terminal plasma membrane
and maintain the high rate of glutamate release from photoreceptors in darkness. Scale

bar is 100 nm. (Adapted from Kolb, 1974).
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1.5 Photoreceptors are non-spiking neurons that hyperpolarize in response to
light stimulation

The physiology of different retinal cell types, including photoreceptors, has been
extensively reviewed (Kolb, 1994; Masland, 2001). An important feature of
photoreceptors is that they do not signal with action potentials but instead relay changes
in the intensity of the light stimulus as graded variations in membrane potential, which
allows for the optimal rate of information transfer to second order neurons (Laughlin,
1989; Juusola et al., 1996). Vertebrate photoreceptors are in a depolarized state in
darkness and are thus continuously releasing glutamate, the neurotransmitter of the
vertical pathway in the retina (Copenhagen and Jahr, 1989). Glutamate release from
photoreceptors is suppressed following their hyperpolarizing response to light. The cone
resting potential is somewhere between -30 mV and -46 mV (Baylor and Fuortes, 1970;
Attwell et al., 1982; Wu, 1991; Thoreson and Bryson, 2004) due to the steady-state cation
influx through cyclic-nucleotide gated channels (CNGCs). Similar to other ligand-gated
cation channels, ion permeation through CNGCs is relatively non-specific with
approximately 80% of the inward current carried by Na’ and the remainder carried
primarily by Ca®*" (Detwiler and Gray-Keller, 1992). Light stimulation activates a G-
protein-mediated enzymatic cascade that hydrolyzes cGMP, causing the CNGCs in the
outer segment to close. Following the closure of CNGCs, Ca®" influx ceases while
extrusion via the Na":K', Ca*'-exchanger continues. This results in a decrease in [Ca?'];
(Yarfitz and Hurley, 1994) and the cone membrane potential hyperpolarizes to -60 or -50
mV (Toyoda et al., 1970). At the pho’ioreceptor synaptic terminal, this hyperpolarization

leads to the closure of voltage-gated Ca channels and a decrease in Ca®’-dependent
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glutamate release into the synaptic cleft (Rieke and Schwartz, 1996; Schmitz and

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

1.6 Ca** dynamics in cone photoreceptors

Ca®" regulates a number of different processes within a cell including the gating
of certain channels (e.g., Cl(Ca) channels), and the regulation of a wide variety of
intracellular second messenger-mediated pathways. Steady-state [Ca’']; is regulated by
Ca®" entry, extrusion, buffering via a number of Ca’’-binding proteins including
calmodulin, and sequestration into internal stores (Berridge et al., 2000). Cells are able to
maintain a large Ca®" concentration gradient between the cytosol and the extracellular
media. Basal cytosolic [Ca®']; (~50 nM) is usually 30,000-fold less than extracellular
Ca®" levels (~1.5 mM). However, large fluctuations of free cytosolic Ca** (Cay) can be
achieved via Ca* influx and Ca®" released from intracellular stores. A localized change
in [Ca®"}; is an important characteristic for Ca®" signaling in different parts of the cell.
Ca®" function and homeostasis is greatly compartmentalized in photoreceptors due to the
spatial distribution of Ca®" effector proteins, such as Ca channels and pumps, cytoplasmic
buffers, and intracellular Ca** stores (Krizaj and Copenhagen, 1998). Since transport and
diffusion of Ca®" between the outer and inner segment appears to be limited, the signaling
action of Ca®" may be restricted to the level of micro-, and even nanodomains.

In the outer segment, Ca*" regulates photoreceptor light adaptation and recovery
by independently adjusting the gain of phototransduction at different steps in the cascade
(Nakatani and Yau, 1988; Fain et al., 2001). In the inner segment, which is subdivided

into the ellipsoid region, cell body, and the synaptic terminal, Ca®" controls several
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processes including energy metabolism, gene expression, and neurotransmitter release,
respectively. Steady-state [Ca®']; at the photoreceptor inner segment also controls many
key Ca®*-dependent cellular events, including protein kinase and phosphatase activity
(Krizaj and Copenhagen, 2002). CIl(Ca) channels, the channels of interests in the present
dissertation, are also thought to be dependent on [Ca®']; in the inner segment, where
voltage-gated Ca channels and CI(Ca) channels are preferentially localized at the plasma

membrane.

1.6.1 Ca®" regulation at the inner segment

[Ca®*]; measurements at the photoreceptor inner segment and synaptic terminal
have been estimated at ~50 nM in bright light and between ~300 to ~500 nM in the dark
(Ratto et al., 1988; Gray-Keller and Detwiler, 1996; Sampath et al., 1999). In the dark,
[Ca®']; levels are high enough to regulate transmitter release in the inner segment, but low
enough to prevent Ca®*-mediated cytotoxicity and the triggering of apoptosis (He et al.,
2000). A simplified cartoon of Ca*" regulation at the inner segment is shown in Figure
1.5. As previously mentioned, the operating voltage range of photoreceptors is between
approximately -70 mV in saturating light and approximately -35 mV in the dark.
Voltage-gated Ca channels located at the photoreceptor inner segment are hence activated
in the dark, at depolarized resting potentials, leading to a large Ca*'influx (Rieke and
Schwartz, 1996; Witkovsky et al., 1997). This influx of Ca®" is offset by Ca®" extrusion,
buffering, and uptake into internal stores. Extrusion of Ca’* from the cone occurs by

means of plasma membrane Ca’"-ATPases (PMCAs). Via sarcoplasmic/endoplasmic
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Figure 1.5 In the cone pedicle, Ca®" is regulated by voltage-gated Ca channels, PMCAs,
SERCAs, IPsRs, and RyRs. Following depolarization, Ca*" enters the pedicle via
voltage-gated Ca channels (green). Intracellular Ca®" may be sequestered by Ca®" stores
through sarcoplasmic/endoplasmic reticulum Ca®*-ATPases (SERCAs) or extruded via
plasma membrane Ca**-ATPases (PMCAs). Two different types of Ca*"-release stores
exist in the cone photoreceptor: an IPs-sensitive Ca*’-store and a ryanodine-sensitive
Ca®*-store. The ryanodine receptor channel is also sensitive to caffeine, and mediates
Ca®’-induced Ca® release within the cell. HC: horizontal cells, IPsR: inositol
trisphosphate receptor, RyR: ryanodine receptor. The arrows represent movement of

2+ .
Ca”' ions.
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reticulum Ca’'-ATPases (SERCAs), Ca®" is thought to be sequestered into two different
types of Ca”* stores. One type is sensitive to inositol trisphosphate (IPs) and the other to
ryanodine (Ry) and caffeine, and is responsible for Ca**-induced Ca®*" release (CICR).
Voltage-gated Ca channels, PMCAs, SERCAs, IP; receptors (IP3Rs), and Ry receptors
(RyRs) have all been shown to be expressed in the tiger salamander cone photoreceptor

inner segment, and will be reviewed in further details in following sections.

1.6.1.1 Ca® influx via voltage-gated Ca channels

Voltage-gated Ca channels form a broad and diverse family of ion channels.
They are a major route by which Ca*" enters cells down a steep electrochemical gradient
(Eca = +150 mV), and contribute to a variety of cellular functions ranging from
membrane depolarization, neurotransmitter release, and initiation of intracellular
signaling cascades. A classification scheme for voltage-activated Ca channels is shown
in Figure 1.6. Based on their electrophysiological properties and pharmacological
profile, different nomenclatures have been used to identify Ca channel subtypes (Tsien et
al., 1988; Snutch et al., 1990; Birnbaumer et al., 1994; Ertel et al., 2000). According to
the Tsien nomenclature (Tsien et al., 1988), voltage-gated Ca channels may be
subdivided into five different groups; Four of them, L, P/Q, N and R-type, have a high-
voltage threshold for activation (HVA), whereas the T-type Ca channels display low-
voltage threshold for activation (LVA).

The molecular structure of voltage-gated Ca channels reveals that they are multi-

subunit proteins. The al subunit forms the channel pore, whereas a2, 8, and & are
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Figure 1.6 Dendrogram comparing the human amino acid sequences of ol subunits of
voltage-gated Ca channels. The family tree is divided into three branches, leading to the
nomenclature Cay1-3. Based on the Tsien nomenclature, five different Ca channels can
be distinguished: L- P/Q-, N- and R-type Ca channels, which have a high-voltage of
activation (HVA) (branches Ca,1 and 2), and T-type Ca channels which display low-
voltage activation (LVA) (branch Ca,3) (Tsien ct al., 1988). (Adapted from Ertel et al.,

2000).
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auxiliary subunits (Fig. 1.7). The o, subunit is characterized by four homologous repeats
(domains I to IV) containing six membrane-spanning regions (S1-S6). S4 holds
positively charged amino acids and forms part of the voltage sensor, while the pore
region of the channel is created by two additional domains between S5 and S6. To date,
ten o subunits (o;A-I, and S) have been cloned and described (Fig. 1.6). L-type Ca
channels are formed by alS, alC, a1D, and o1F and are coded by specific Ca,1 genes.

The alA, alB, and olE form P/Q, N, and R channels, respectively, and are coded by
genes of the Ca,2 family. T-type Ca channels, which carry a transient current and thus
characterized by fast inactivation, consist of a1G, alH, and a1l, and are coded by Ca,3
genes. It is important to note that low voltage-activated Ca channels are not present in
salamander cone photoreceptors (Barnes and Hille, 1989).

Wilkinson and Barnes (1996) have characterized the Ca channel current in tiger
salamander cone photoreceptor inner segments using the patch-clamp technique. Their
study suggested that the majority of HVA Ca channel currents are dihydropyridine
(DHP)-sensitive, implying a prevalence of L-type Ca channels. A small fraction of the
current was sensitive to w-conotoxin GVIA, an N-type Ca channel blocker; however, the
inhibition was reversible, which is unusual for N-type Ca channels, and the authors
suggested that this reflects ‘non-specific’ block of L-type Ca channels by the toxin.
Immunohistochemical and electrophysiological studies in amphibian and mammalian
photoreceptors have demonstrated that o 1D and alF L-type Ca channels are localized in
high densities at the pre-synaptic membrane terminal, which implies that they are

involved in Ca®*-dependent exocytosis of synaptic vesicles (Taylor and Morgans, 1998).
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Figure 1.7 Structural organization of multi-subunit voltage-gated Ca channels. The al
subunit consists of four homologous domains (I-IV) and forms the channel pore. The al
subunit is also the location where many pharmacological agents bind. The cytoplasmic
loops are labeled according to the domains they link. o2, B, and d are auxiliary subunits
important in controlling the structure and activity of the ol subunit. The  subunit
corresponds to a series of o helices. The yellow barrels indicate hydrophobic regions of

the a2-8. The branched structures represent predicted glycosylation sites. (Adapted

from Walker and DeWaard, 1998).

31



Figure 1.7

Extracelivlar

L

Intraceliular

32




The dihydropyridine-sensitive L-type Ca channels have long lasting open states
activated at relatively high voltages, usually positive to -30 mV. The canonical L-type
Ca channels inactivate relatively slowly (1 >500 ms) and their activation range is between
-60 and -10 mV. However, cone photoreceptor Ca channels are non-inactivating, a
property essential to sustaining tonic transmitter release (Taylor, 1998; Yagi and
MacLeish, 1994). L-type Ca channels are characterized by large single channel
conductances (~25 pS) compared to other family members (~8 to 13 pS), are blocked by
divalent ions such as Cd*" and Ni*’, and usually have a relatively greater Ba®*
conductance than Ca”" (see review by Hille, 2001). Different tissues express L-type Ca
channels with different ol subunits. Immunohistochemical data demonstrate that the
alF subunit is localized to rod photoreceptor active zones in rat retinal sections,
supporting its role in synaptic transmission (Morgans, 2001). The retina-specific Ca
channel ol-subunit gene (Cacnalf) was also identified in human rod photoreceptors
(Bech-Hansen et al., 1998; Strom et al., 1998). Mutations in this gene (also called
Ca,1.4), which encodes the alF protein, result in incomplete congenital stationary night
blindness (iCSNB). A mouse model of iCSNB was shown to have impaired
photoreceptor Ca*" signaling and synaptic transmission (Mansergh et al., submitted).
Immunohistochemical data collected from mammalian retinas demonstrate that cone Ca
channels localized at the synaptic terminal appear to possess the a1D subunit (Taylor and

Morgans, 1998; Morgans, 1999; Morgans, 2000), which is in agreement with the

previously described pharmacological profile of salamander HVA Ca channel currents by
Wilkinson and Barnes (1996). Unlike the alF subunit, which is also found in cones

(Morgans, 2001), the a.1D subunit has been found to be expressed in different neurons.
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1.6.1.2 Ca® extrusion via plasma membrane Ca’*-ATPases (PMCASs)

Ca®" is extruded from the cone outer segment by the Na'/Ca®*, K exchangers
(NCKXs). NCKX1, the isoform expressed in photoreceptors (Haase et al., 1990; Kim et
al., 1998), exchanges four Na' for one Ca®" and one K" (Schnetkamp et al., 1989;
Szerencsei et al.,, 2001). Unlike the outer segment, there is little evidence for the
presence of Na'/Ca**, K exchangers in the photoreceptor inner segment (Kim et al.,
1998; Krizaj and Copenhagen, 1998; Krizaj et al., 2004). Ca*" extrusion from the
photoreceptor inner segment mainly occurs via the high-Ca®* affinity membrane
potential-independent plasma membrane Ca”**-ATPase (PMCA) (Krizaj and Copenhagen,
1998; Morgans et al., 1998; Krizaj et al., 2002). Auditory hair cells, also characterized
by graded, sustained responses, use PMCAs for Ca** extrusion as well (Yamoah et al.,
1998). In mammals, PMCAs have been suggested to be localized to the lateral walls of
the photoreceptor synaptic terminal, away from the active zone (Morgans et al., 1998;
Morgans, 2000). PMCAs may be responsible for setting [Ca®"}; at the plasma membrane
where they could influence Ca®' signaling events (Monteith and Roufogalis, 1995;
Thayer et al., 2002). The regulation of neurotransmitter exocytosis likely depends on
Ca®* microdomains at the plasma membrane and not on longitudinal Ca®" gradients, and
therefore, others have suggested their co-localization with Ca channels close to the active
zone (Schaeffer et al., 1982; Krizaj et al., 2002).

PMCAs, which are known to be effectively inhibited by lanthanides, are
characterized by ten transmembrane regions, with both cytoplasmic N- and C-terminals
(see review by Strehler and Treiman, 2004). The phosphorylation domain is located in

the second cytosolic loop, which is found between transmembrane domains four and five.
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The high affinity of PMCAs for Ca*' relies on the fact that calmodulin (CaM) is
constitutively attached to these pumps, at the CaM-binding site near the C-terminus
(James et al., 1988; Enyedi et al., 1989; Guerini et al., 1998). PMCAs are also tightly
regulated by Ca®" itself. They remain in an auto-inhibited inactive state as long as the
local Ca®* concentration remains low (<50-100 nM). In its inactive state, the C-terminus
tail is in contact with the two cytoplasmic loops, preventing high affinity Ca®*-binding to
the CaM-binding site. In its active state, Ca’"-loaded calmodulin is bound to the
regulatory C-terminus.

The PMCA family of Ca®" pumping-ATPases includes four members (PMCA1-
4). In mammals, the different PMCA isoforms are coded by four separate genes (Strehler
and Treiman, 2004). These isoforms differ in their affinities for Ca®!, calmodulin, and
ATP (Guerini et al., 1998; Strehler and Zacharias, 2001). The distribution of PMCA
isoforms, which has been studied via immunohistochemistry, reveals that they are
ubiquitously expressed in retinal cells. PMCA1 has been shown to be expressed in
photoreceptor inner segments of the mouse (Krizaj et al., 2002) and tiger salamander
retina (Krizaj et al.,, 2004). These studies revealed that this isoform was expressed
primarily at the synaptic terminal, suggesting a role for PMCAs in regulating synaptic
transmission. Weak expression of PMCA1 was found in salamander rod photoreceptors,
which may explain faster Ca>* extrusion from cone inner segments as demonstrated by
Ca’'-imaging studies (Krizaj and Copenhagen, 1998; Krizaj et al., 2003). Of the four
PMCA isoforms, PMCAZ2 has the highest affinity for Ca** (Guerini et al., 1998), and it is
typically found in neuronal tissues. PMCA2 is also expressed in cone photoreceptors;

however, the expression, which was only observed occasionally, was confined to the
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outer segments (Krizaj et al., 2004). In addition, PMCA4 was also shown to be
expressed in salamander cones at the inner segment cell body and synaptic terminals, and

therefore, this isoform could also contribute to Ca®* extrusion (Krizaj et al., 2004).

1.6.1.3 Ca’" sequestration into endoplasmic reticulum Ca’" stores

The removal of cytoplasmic Ca®>" by sequestrationinto intracellular stores is a
critically important physiological process. In addition to providing rapid Ca*" removal,
Ca®" stores are also sources of localized and fast acting Ca”" signals. Therefore, the
balance between two opposed Ca”* fluxes, via Ca®" pumps and Ca*'-release channels,
determines the net contribution of Ca®" stores in modulating [Ca**]; dynamics. In most
cells, the primary intracellular Ca®" storage/release organelle is the ER, which represents
a complex system of endomembranes, forming a continuous network. Photoreceptors, as
do most neurons, sequester Ca”" in both the rough and smooth ER, which are abundantly
present within the photoreceptor inner segment (Ungar et al., 1984; Somlyo and Walz,
1985; Freihofer et al., 1990). Although the smooth ER has sometimes also been found in
the synaptic terminal region (Mercurio and Holtzmann, 1982; Ungar et al., 1984), the
distribution of the ER cisternae in lower vertebrate photoreceptors is mostly confined to
the subellipsoid space of the inner segment (Mercurio and Holtzmann, 1982; Townes-
Anderson et al., 1985; Ripps and Chappell, 1991).

In addition to intraluminal Ca**-binding proteins (i.e. calsequestrin), responsible
for keeping the concentration of free ions low, several families of proteins are localized
to the endomembrane, including Ca®'-release channels. Ca®" is released from ER Ca®*

stores through the activation of specific receptors. Two different families of Ca**-release
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channels, each consisting of three members, are responsible for Ca®" release from ER
stores (see review by Berridge, 1993; Coronado et al., 1994; Furuichi et al., 1994;
Mikoshiba et al., 1994; Sorrentino, 1995; Taylor, 1998; Patel et al., 1999; Fill and
Copello, 2002). Inositol trisphosphate (IP3) binds to one family of Ca*"-release channels,
called IP; receptors or IPsR. The second family includes channels that are modulated by
the alkaloid, ryanodine, and are therefore called ryanodine receptors or RyR. Each Ca®*-
release channel represents a large oligomeric structure formed by the association of four

proteins. In addition, both IP; and Ry receptors are activated by [Ca®"};.

IP;-sensitive Ca®" stores

The IP; intracellular signaling pathway was first discovered in the early 1980s
(Streb et al., 1983; Berridge and Irvine, 1984). Since then, a number of studies have
characterized IP;Rs and the pathways leading to IP;-dependent Ca®* release in neurons.
The formation of IP; occurs via two major receptor-mediated pathways, which require
the activation of phospholipase C (PLC) (see review by Rhee and Bae, 1997). In
response to different stimuli (such as neurotransmitters, hormones, and growth factors),
PLC catalyzes the hydrolysis of phosphatidylinositol biphosphate (PIP,), an inositol lipid
stored in the plasma membrane, to produce two intracellular messengers, IP; and
diacylglycerol (DAG). Whereas DAG mediates the activation of protein kinase C (PKC),
IP; released into the cytoplasm mobilizes Ca*" from internal stores (Berridge et al.,
2000). PKC can influence neurotransmitter release as well as modulate ion channels and

receptor function, and is therefore important in neuronal signaling.

37



One of the pathways leading to the formation of IP; is initiated by a family of G
protein-coupled receptors and involves PLC-B. Several G protein-coupled receptors
exist, and include receptors for acetylcholine, histamine, noradrenaline (NA), serotonin
(5-HT), glutamate, endothelin, as well as light. These agonists induce a conformational
change in the G protein-coupled receptor leading to the dissociation of heterotrimeric G
proteins into G, and Gg, subunits, which can activate different PLC-f 1sozymes. The
other pathway responsible for the production of IP; begins with the activation of tyrosine
kinase receptors, which interact with the y-form of PLC. Upon binding of an agonist,
such as a growth factor, two tyrosine kinase receptors are brought together, enabling their
cytoplasmic kinase domains to autophosphorylate tyrosine residues and create docking
sites for PLC-y. Cytoplasmic PLC-y translocates to the membrane, binds the activated
receptors via its Src homology 2 (SH2) domain, and is phosphorylated on specific
tyrosine residues. Activated PLC-y may then hydrolyze PIP, at the membrane to give
rise to DAG and IPs.

The molecular structure of members of the IP;R family is diverse. Three different
IP;R isoforms, with alternative splice variants, have thus far been identified (Danoff et
al,, 1991; Nakagawa et al, 1991; Nucifora et al., 1995). IP;Rs are Ca’*-permeant
channels assembled from four subunits. The subunits combine to form homo- or hetero-
tetrameric channels. Each subunit has an IP;-binding site positioned towards the large
cytoplasmic N-terminus (see review by Taylor et al., 2004). The membrane-spanning
domains located in the C-terminus, anchor the protein in the membrane and form the
channel pore. IPs-induced Ca*' release occurs in a quantal manner, meaning that a fixed

proportion of the stored Ca®* is released as the level of IP; rises (Bootman et al., 1992;
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Ferris et al., 1992). Although not fully understood, IP; is thought to work by producing a
conformational change in the IP;R leading to an increase in channel-opening frequency
(Mignery and Siidhof, 1990). The sensitivity of IP;R increases as the stores fill with Ca**
(Missiaen et al., 1992). Ca" ions also regulate IPsR in that they function as co-agonists
with IP; to release stored Ca®*. IP; bound to the receptor is thought to open the pore by
promoting the binding of Ca”", thereby destabilizing an inhibitory interaction between N-
terminus residues and a C-terminal ‘gatekeeper’ sequence (Taylor et al., 2004).

An immunohistochemical study by Peng et al. (1991) investigated the presence
of the IP;R protein in the vertebrate retina using an antibody against purified brain IP;Rs.
The study revealed that the IPsR protein is present almost exclusively in the synaptic
layers of the salamander retina. Using dissociated retinal neurons, high density IP;Rs
were further localized to presynaptic terminals of photoreceptors and bipolar cells, as
well as the synaptic processes of amacrine cells. Although IP;Rs have also been found at
ribbon synapses in mammalian photoreceptors and bipolar cells (Stella et al., 2003), the
specific isoform expressed in tiger salamander cone photoreceptors remains unclear. The
IP3R3 isoform has been shown to be expressed in pancreatic islets, kidney, and
gastrointestinal tract, but rarely in neurons (Sorrentino and Rizzuto, 2001). Consistent
with these findings, the IP;R3 isoform was shown to be absent from tiger salamander
retina (Krizaj et al., 2004). The IP;R1 has been shown to be the predominant neuronal
isoform in mammals (Furuichi et al., 1993), and Wang et al. (1999) demonstrated the
expression of IP;R1 in mammalian cone (especially red- and green- sensitive) outer
segments, at their plasma and disk membrane. However, IP3R2, but not IP;R1, was

detected in tiger salamander cone inner segments at the subellipsoid space, but not at the
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synaptic terminal (Krizaj et al., 2004). This is consistent with the finding that most of the
ER is distributed within the subellipsoid region (Mercurio and Holtzman, 1982). In
central neurons, IPs receptor-mediated Ca* store-release plays a critical role in regulating
excitatory transmitter release and plasticity. The functional role of IP;R has yet to be
confirmed in the photoreceptor inner segment. Although IP; does not seem to be
involved in the phototransduction cascade (Jindrova and Detwiler, 1998), a light stimulus
to mammalian and amphibian rod outer segments has been shown to increase intraceltular
IP; levels (Ghalayini and Anderson, 1984; Hayashi and Amakawa, 1985; Brown et al.,
1987). The localization reported by Peng et al. (1991) suggests that Ca®" stores within -

the synaptic terminals of retinal neurons may be involved in synaptic transmission.

Ryanodine-sensitive Ca** stores

The alkaloid ryanodine is naturally found in the stem and roots of the plant
Ryania speciosa. Ryanodine modulates Ca®" release from stores via high affinity binding
to a ryanodine receptor (RyR) located in the ER membrane. RyRs, although larger in
size, share considerable structural and molecular homology with IP;Rs. The architecture
of RyRs is reviewed in Rossi and Sorrentino (2002) and Wagenknecht and Samso (2002),
and a brief overview will be presented here. RyRs consist of a tetrameric complex
forming a large conductance channel. The large cytoplasmic portion of the protein
accounts for more than 80% of its mass. The membrane-spanning domains, clustered
near the C-terminus, suggests that very little of the protein is present on the luminal side
of the ER. Although also expressed in smooth muscle and many non-muscle tissues, the

highest density of RyR protein is found in striated muscle. Three different RyR isoforms
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(RyR1, RyR2, and RyR3) have been defined in fish, amphibians, birds, and mammals via
molecular cloning studies. The RyR2 isoform has recently been identified in salamander
photoreceptor inner segments (Krizaj et al., 2004).

Fill and Copello (2002) have reviewed the regulation of ryanodine receptor Ca®"
release channels, which are characterized by different conductance states. The
mechanism of action of ryanodine is very complex and dose dependent. Low (~10 nM)
concentrations of ryanodine increase the frequency of single channel opening to the
normal conductance level (Buck et al., 1992). By binding to its receptor, intermediate
concentrations (~1 puM) of ryanodine locks the ER Ca channel in a slow-gating
subconductance state (Fill and Coronado, 1988). The long-duration open events are
accompanied by a reduced ion conductance through the pore (Rousseau et al., 1987;
Buck et al., 1992). Higher concentrations of ryanodine (~10-100 pM) lock the channel in
a closed configuration (Zimanyi et al., 1992). The ryanodine binding site is thought to be
located in or near the RyR channel pore, thereby altering the permeation pathway,
possibly by changing the diameter of the channel pore (Tinker and Williams, 1993). In
fact, the ryanodine binding site has been localized to the C-terminus of the protein in
skeletal muscle (Callaway et al., 1994). The possibility of multiple ryanodine binding
sites (high vs. low affinity binding sites) may also explain its complex dose-dependent
action (Chu et al., 1990; Pessah and Zimanyi, 1991).

RyR channels can also be regulated by the pharmacological agent caffeine
(Jenden and Fairhurst, 1969; Endo, 1977). Caffeine acts on RyRs to induce Ca®" release
(Pozzan et al., 1994; Berridge, 1998). In neurons, caffeine-sensitive intracellular pools

are thought to be distinct from the IP;-gated pools (McPherson et al., 1991). However,
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some studies have suggested that caffeine can also induce Ca®" release from ryanodine-
insensitive stores (Schmid et al., 1990; McNulty and Taylor, 1993; Orkand and Thomas,
1995). In rod photoreceptors, caffeine-sensitive stores have been proposed to coexist
with IP;-gated Ca”" stores (Peng et al., 1991). However, caffeine acts to inhibit and not
activate Ca’" release from IPs-gated stores (Ehrlich et al., 1994). Caffeine induces the
release of Ca®* from the ER in a quantal fashion (Cheek et al., 1993). Caffeine-induced
Ca®" release from stores is typically observed as a transient increase in [Ca*'};, which can
be blocked by ryanodine in some cell types (McPherson et al., 1991; Friel and Tsien,
1992; Garaschuk et al., 1997). Ca®* release from caffeine-sensitive stores, blocked by
ryanodine, was also described in salamander rod inner segments and synaptic terminals
(Krizaj et al., 1999). Rapid transient reductions in ER Ca”* levels have been shown with
caffeine, as well as with Ca** currents triggered by depolarization, indicating Ca®*-
induced Ca®* release (CICR). CICR following Ca** influx was shown to be blocked by
ryanodine and potentiated by caffeine in sensory neurons (Solovyova et al., 2002).
Loading the Ca®" stores with Ca>" via a conditioning depolarization greatly enhances the
ability of low doses of caffeine to produce full depletion of the stores, indicating that after
an increase in the ER Ca®" content, the same low concentration of caffeine recruits more
RyRs (Shmigol et al., 1996).

In addition to conducting through the channel pore, Ca®" can also modulate the
RyR channel. Similar to IPsR, ryanodine Ca®'-release channels have a bell-shaped
dependence on the cytoplasmic Ca”* level. Low (1-10 pM) concentrations of cytosolic
Ca” activate the RyR channel, whereas these receptors are generally inhibited in the

presence of high (1-10 mM) cytosolic Ca®" concentrations (Hille, 2001). The gating of
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RyRs can be regulated by both cytoplasmic and ER free Ca®" levels (Shmigol et al.,
1996). In fact, caffeine is thought to work by increasing the affinity of the RyRs for
cytoplasmic Ca®* (Pozzan et al., 1994; Hernandez-Cruz et al., 1995). Ca®* binding sites
are thought to exist on the luminal surface of the RyR channel. High luminal Ca®" levels,
which have been demonstrated to be on the order of 500-800 uM in a neuronal
preparation (Alonso et al., 1999; Solovyova et al., 2002), are thought to increase the
sensitivity of RyR channel (Sitsapesan and Williams, 1997; Gyoérke and Gyorke, 1998).
The luminal Ca*" effects may also be mediated via associated luminal proteins, such as
calsequestrin (Szegedi et al., 1999; Zhang et al., 2001; Beard et al., 2002), or feed-
through regulation, which consist of luminal Ca’®* moving through the channel and

interacting with cytosolic Ca**-binding sites (Tripathy and Meissner, 1996).

Ca®*-reuptake via the sarcoplasmic/endoplasmic Ca’>*-ATPases (SERCAs)

Similar to PMCAs, sarcoplasmic/endoplasmic reticulum Ca®*-ATPases
(SERCAs) are capable of pumping Ca®" against its large concentration gradient to buffer
the cytosolic free Ca®" concentration at the resting level. Whereas PMCAs pump Ca®
out of the cell, SERCAs sequester Ca® into Ca®" stores. These pumps may maintain
large (three orders of magnitude) Ca®' concentration gradient between the ER lumen and
the cytosol (Meldolesi and Pozzan, 1998). The maintenance of high [Ca®'] in the lumen
of the ER, in the range of hundreds of micromolar to one milimolar, is important for
normal cell function, including Ca®"-mediated cytosolic signals. SERCA transporters,

together with PMCAs, have been suggested to reduce the amplitude of depolarization-
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evoked [Ca2+]i transients in the cytoplasm of salamander photoreceptors (Krizaj et al.,
2003).

The SERCA family consists of three genes (SERCA 1, 2, and 3), each generating
differentially spliced isoforms (see review by Wuytack et al., 2002; Strehler and Treiman,
2004). SERCA pumps are characterized by four major domains, a transmembrane (M)
domain, and three cytosolic domains. The P (phosphorylation) and N (nucleotide
binding) domains contain the phosphorylation and ATP binding site, respectively. The A
(actuator or anchor) domain, is composed of a smaller cytoplasmic loop facing the
cytosolic side. Ten transmembrane a-helices form the M domain, which contain two
Ca®*-binding sites (Toyoshima et al., 2000). Two Ca”" ions are translocated into the ER
lumen for each ATP molecule hydrolyzed. Although the catalytic cycle of SERCA
pumps remains a controversy, most models suggest two major conformational states,
called E1 and E2. In the E1 conformation, the two high-affinity Ca**-binding sites face
the cytoplasm. Both cytosolic Ca”" and ATP bind and the high-energy phosphorylated
intermediate is formed. The 2Ca*"-E1-ATP complex undergoes a conformational change
where some transmembrane helices are rearranged, including those contributing to the
Ca**-binding site. This conformational change into the E2 state results in the
reorientation of the complex, which now faces the lumen of the ER. The two Ca®'-
binding sites are then converted to a low-affinity state and Ca®' is released. E2-ATP
dephosphorylates and the cycle ends with another conformational change from the E2 to
the El state. The SERCA pump activity is increased by elevated levels of Ca®" outside

the ER and inhibited by high luminal Ca®* concentrations. In fact, depletion of ER Ca®*
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stores has been shown to increase the rate of SERCA-mediated Ca* uptake by several
fold (Mogami et al., 1998; Solovyova et al., 2002).

Of the three SERCA family isoforms, SERCA2 is thought to be predominantly
expressed in most brain regions (Wu et al., 1995; Baba-Aissa et al., 1996). Two different
splice variants (a and b), which differ in their turnover rates and their affinity for Ca*",
can be produced from the SERCA2 gene (Verboomen et al., 1992; Wuytack et al., 2002).
An immunohistochemical study by Krizaj et al. (2004) demonstrated that salamander
photoreceptor inner segments label for the SERCA2a isoform (Krizaj et al., 2004).
SERCAZ2a labeling was localized to the subellipsoid space and cell body, which is
consistent with the previously suggested distribution of the ER cisternae in amphibian

photoreceptors (Mercurio and Holtzman, 1982).

1.7  Chloride channels

Chloride channels are of central importance to the present dissertation and
therefore, this large and highly diverse group of anion channels will be reviewed in this
section. Although permeable to various anions, such as iodide, bromide, nitrates,
phosphates, and negatively charged amino acids, anion channels are mostly referred to as
Cl channels because Cl is the most abundant and predominant permeating anion in all
organisms. Cl channels are ubiquitously expressed in all eukaryotic cells, plant cells,
protozoa, bacteria, and yeast; and their functions range from ion homeostasis to cell
volume regulation, transepithelial transport, and regulation of electrical excitability. An
excellent review by Jentsch et al. (2002) outlines the molecular structure and

physiological function of Cl channels. Since several classes of Cl channels have not yet
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been identified at the molecular level, these channels are commonly classified based on
their function. According to their gating mechanisms, Cl channels may be classified into
five distinct families: 1) the CIC family is gated by changes in transmembrane voltage, 2)
Members of the Cl(Ca) family are activated by an increase in cytosolic Ca*"
concentration ([Ca®'];), 3) ¢c-AMP activates Cl channels of the cystic fibrosis
transmembrane conductance regulator (CFTR) family (see reviews by Dawson et al.,
1999; Gadsby and Nairn, 1994; Sheppard and Welsh, 1999), 4) the volume-regulated
anion channel (VRAC) family is activated by cell swelling, 5) the glycine or y-
aminobutyric acid (GABA)-activated Cl channel family is ligand-gated, as the
neurotransmitter GABA or glycine is required for channel activation (see review by
Jentsch and Giinter, 1997). Like GABA-activated Cl channels, Cl(Ca) channels are
sometimes classified as ligand-operated channels. The molecular identity responsible for
the CI' conductance studied in this dissertation is not yet resolved, and therefore, the
channel responsible for this conductance could belong to any of these families. Since
there is no evidence that cone Cl(Ca) channels are activated by c-AMP, cell swelling, or
GABA, only the CIC and CI(Ca) channel family will be further discussed. In particular,
the CIC family member CIC-3 will be reviewed since this channel was shown to be

distributed in the outer plexiform layer of the retina, and CIC-3 knockout mice suffer

from photoreceptor degeneration (Strobrawa et al., 2001).

1.7.1 The CIC family of Cl channels

The CIC chloride channel family was originally identified via expression cloning

of CIC-0 from the electric organ of Torpedo marmorata (Jentsch et al., 1990). This
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relatively new family of voltage-gated ion channels, which are found in nearly all cells, is
by far the best studied and understood family of Cl channels. Chloride-conducting ion
channels of the CIC family are fundamentally different in their molecular structure and
mechanism from the well-known cation-selective channels and other known anion
channels (see review by Fong and Jentsch, 1995). The CICs are a-helical transmembrane
proteins predicted to span the membrane 10 to 12 times, with cytoplasmic N- and C-
terminals (see review by Jentsch et al., 1999; Maduke et al., 2000). These channels are
structurally unique, as they are thought to exist as two-pore homodimers, each pore
shaped like an hourglass with a narrow constriction at the center (Ludewig et al., 1996;
Middleton et al., 1996). This model of two identical ion conducting pores formed by
separate subunits, thus forming a homodimeric membrane protein, was confirmed when
Dutzler et al. (2002) reported the three-dimensional crystal structure of bacterial CIC
proteins. High-resolution images of the two-dimensional crystal structure of a bacterial
CIC homolog also supported this double-barrel configuration (Mindell et al., 2001).
Unlike other ion channels, the gating charge of the CIC-type Cl channels may be carried
by the CI' ion itself (see review by Maduke et al, 2000) and not by charged
transmembrane domains on the channel protein, such as the S4 segment that acts as a
voltage sensor in a superfamily of cation channels (Stiihmer et al., 1989). More
specifically, a glutamate amino acid residue with a negatively charged side chain is
thought to act as a gate at the narrowest point of the conduction pathway, which is
displaced following CI ion entry into the pore region due to electrostatic repulsion.

In mammals, at least nine members of the CIC gene family are expressed in the

plasma membrane or intracellular compartments (see review by Jentsch et al., 1999;
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Fahlke, 2001). The CIC channel family dendrogram, which is based on the sequence
homology of different gene products in mammals, can be grouped into three branches
(Fig. 1.8). The first subfamily encodes CIC-1, -2, -Ka and -Kb, which are plasma
membrane Cl channels expressed in a variety of tissues. CIC-1, a muscle specific CI
channel, is activated by depolarization and is responsible for stabilizing the membrane
potential (Steinmeyer et al., 1991; Koch et al., 1992). CIC-2 is activated by
hyperpolarization (Thiemann et al., 1992). It is broadly expressed, and is usually
localized to the apical membrane of secretory epithelia, where it may play a role in cell
volume regulation (Grunder et al., 1992). Tissues of CIC-2 expression include the retina,
where it has been mainly localized to rod bipolar cells in rat (Enz et al., 1999). CIC-2
deficient mice display postnatal degeneration of the retina (Bosl et al., 2001). However,
retinal degeneration may also be due to disruption of normal RPE cell functioning.
Barttin, a beta subunit, is essential for the functional expression of both the CIC-Ka
(apical) and CIC-Kb (basolateral) (Estevez et al., 2001). CIC-K channels are almost
exclusively found in the kidney, where they are essential for transepithelial transport
(Simon et al., 1997; Matsumura et al., 1999). Their expression in the retina has thus far
not been investigated. The other two branches comprise CIC-3 to -7, which are channels
predominantly residing in intracellular membranes. CIC-4 and -6 are poorly
characterized channels and have not been shown to reside in cells of the retina. CIC-5 is
predominantly expressed in the kidney and its mutation leads to renal failure (Piwon et
al., 2000). CIC-7 is a lyzosomal Cl channel. Although ubiquitously expressed, its

function remains unclear (Jentsch et al.,, 1999). CIC-7 deficient mice show severe
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Figure 1.8 The mammalian CIC family of Cl channels. Based on homology sequence,
nine members of the CIC family have been found in mammals and are grouped into three
main branches. Channels of the first branch, which comprises CIC-1, -2, and -K, are
predominantly plasma membrane proteins. The channels from the other two branches,
which include CIC-3, -4, -5, -6, and -7, are though to be mainly located on intracellular
membranes. Also indicated in the figure is the main tissue of distribution. (Adapted

from Jentsch et al., 2002).
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Figure 1.8

Expression
------- CIC-0

CiC-1 Skeletal muscle

CiC-2 Broad

— CIC-Ka Kidney, inner ear

—  CIC-Kb Kidney, inner ear

CIC-3 Broad
(brain, kidney, liver, retina...)

CiIC4 Broad
(brain, muscle...)

CiC-5 Kidney (intestine, liver...)

CiC-6 Broad

CIC-7 Broad
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osteopetrosis and retinal degeneration (Kornak et al., 2001); however, the cause of
blindness has not been investigated.

CIC-3 channels are of importance for this dissertation because of their expression
pattern and biophysical properties. They are intracellular Cl channels present in
endosomes and synaptic vesicles. A study by Stobrawa et al. (2001) demonstrated via
immunohistochemistry that CIC-3 is distributed in the outer plexiform layer of the mouse
retina. In addition, this study also shows that CIC-3 knockout mice suffer from retinal
degeneration with complete loss of photoreceptors after four weeks. CIC-3 is highly
expressed in the brain and its disruption results in a loss of the hippocampus (Stobrawa,
2001). It was first cloned from rat brain cells by Kawasaki et al. (1994) and was then
functionally expressed and studied in electrophysiological experiments, which
demonstrated an outwardly rectifying Cl” current (Kawasaki et al., 1994; Duan et al,,
1997). The main function of CIC-3 is thought to involve the acidification of intracellular
vesicles by providing an electrical shunt that is needed for the efficient action of the
electrogenic H'-ATPase (Duan et al., 1997; Stobrawa et al., 2001). Although CIC-3 is
thought to mainly reside in intracellular membranes, such as synaptic vesicles and
endosomes, a role for CIC-3 as a volume-sensing anion channel located at the plasma
membrane has been put forth (Duan et al., 1997; Vessey et al., 2004). However, CIC-3
knockout studies in mice reveal a normal regulating CI” conductance, arguing against a

function for CIC-3 as a cell-swelling activated Cl channel (Stobrawa et al., 2001).
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1.7.2 Ca’'-activated CI channel family
The physiological role of Cl channels activated by intracellular Ca®* (i.e. CI(Ca)

channels) in signal processing remains ambiguous given that the Cl” equilibrium potential
(Ecp) is unknown. However, these channels are thought to contribute to the electrical
excitability of neurons. Cl(Ca) channels consist of at least two functionally distinct
groups, suggesting an underlying molecular diversity of Cl(Ca) channels. The typical
Ca*"-gated CI' channel is activated when Ca®™ binds to specific binding sites on the
cytosolic side of the channel pore. The second type of Cl(Ca) channels are called
Ca’*/calmodulin-dependent protein kinase II (CaMK II)-activated Cl channels. They also
open in response to an increase in [Ca®'];, but channel activation is mediated by CaMK
[I-dependent phosphorylation (Jentsch et al., 2002; Matchkov et al., 2004). CaMK II-
activated Cl channels, which have been proposed to regulate transepithelial transport in a
number of epithelial cells (Kidd and Thorn, 2000), differ from neuronal CI(Ca) channels
(see review by Frings et al.,, 2000). CaMK II-activated Cl channels expressed in
epithelial cells have a single channel conductance of 25-30 pS, which is much larger than
that of CI(Ca) channels, are weakly outwardly rectifying, and are rather voltage
independent. On the other hand, neuronal Cl(Ca) channels are typically characterized by
a small single channel conductance, they show an outward rectification, and are activated

by voltage-dependent increases in [Ca”'];.
1.7.2.1 Properties of CI(Ca) channels

The permeability sequence of Cl(Ca) channels is as follows: I' > NO3;" > Br > Cl

> F > CH3S04. Cl(Ca) channels have relatively small unitary conductances, usually
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between 0.5-3 pS. For example, single channel records of Icyca) have been documented
at 3 pS in Xenopus oocytes (Takahashi et al., 1987a), 2.5 pS in cultured mammalian
endocrine cells (Taleb et al., 1988), 0.5 pS in olfactory sensory neurons (Kleene, 1997),
2.8 pS in human smooth muscle cells (Klohkner, 1993), and 1-2 pS in lacrimal gland
cells, which were assessed by analysis of current fluctuations recorded from large
numbers of channels (noise analysis) (Marty et al., 1984). They are often functionally
coupled with Ca”" influx via voltage-gated Ca channels, as demonstrated in smooth
muscle and oocytes, where they are involved in vasoconstriction and the prevention of
polyspermy, respectively (Frings et al., 2000; Kidd and Thorn, 2000). In addition to their
small single channel conductance, CI(Ca) channels are characterized by an outward
rectification and show time-dependent activation upon depolarization. However, a linear
I-V curve and a time-independent activation is seen with increasing [Ca®'}; (Evans and
Marty, 1986). The voltage-dependence of Cl(Ca) channels is thought to primarily reside
in the binding of Ca®* to the channel. Transient local changes in [Ca®']; close to the

membrane during activation of voltage-gated Ca channels are believed to rise over 10 uM

to 100 uM (see review by Berridge, 1998; Neher, 1998). However, a number of studies
in secretory cells indicate that Cl(Ca) channels are activated in the low micromolar range
(0.1-1 uM) (Marty et al., 1984; Korn and Weight, 1987; Ishikawa and Cook, 1993). The
value of the Hill coefficient (>1) suggests binding of more than one Ca’" ion to the
channel. A kinetic model implies activation of the channel by two identical, independent,
sequential Ca>" binding steps preceding a final Ca®* independent transition from the

closed to the open state (Arreola et al., 1996, Nilius et al., 1997a).
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1.7.2.2 Molecular structure of Cl(Ca) channels

The molecular identity of Cl(Ca) channels remains unsolved. However, two
different families of molecules have been proposed to form Cl(Ca) channels when
expressed in heterologous systems: the CLCA family of putative Ca**-activated Cl

channels and the bestrophins (Sun et al., 2002).

CLCA family

CLCAs are broadly distributed and tissue expressions include epithelia,
endothelia, smooth muscle, and neurons. CLCA proteins serve a variety of important
physiological roles, including ion channel, cell adhesion, and tumor suppressor function.
Several members of the CLCA gene family, which behave as Cl channels when exposed
to Ca®’, have been cloned from different mammalian species, including mouse (m),
bovine (b), and human (h). The very first gene encoding a CLCA channel was cloned by
Cunningham et al. (1995) from bovine tracheal epithelium (bCLCAI). The primary
structure of bCLCA1 shows no similarity to any other cloned CI'-selective channel.
Analysis of the primary amino acid sequence of bCLCAL1 predicts at least four putative
transmembrane domains with an extracellular N-terminus. Structural models suggest that
it co-assembles as a homotetrameric protein complex (see review by Jentsch et al., 2002).
A similar quaternary structure was proposed for the homologs of bCLCA1 cloned from
mouse (mMCLCA1, Gandbhi et al., 1998; Gruber et al., 1998a) and for the human homolog
hCLCAT1 (Gruber et al., 1998b). The likely topology of the CLCA channel protein is four
or five transmembrane domains with an extracellular N-terminus, containing a number of

conserved cysteine residues and an extracellular (if four transmembrane domains) or
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intracellular (if five transmembrane domains) C-terminus (Gruber et al., 1998b, 1999;
Gruber and Pauli, 1999; Fuller et al., 2001; Elble et al., 2002).

When expressed in Xenopus oocytes, bCLCAL is characterized by an outwardly
rectifying CI” conductance, which is observed without raising [Ca®*]; (Qu and Hartzell,
2000). However, currents in transfected COS-7 cells were characterized by a linear I-V
relation and were only observed upon raising [Ca’'}; (Cunningham et al., 1995). A
second epithelial Cl(Ca) channel, hCLCA2, has now been cloned from human lung,
trachea, and mammary gland. This channel, when expressed in HEK293 cells, also
requires high [Ca’'}; to be activated and was slightly outwardly rectifying (Gruber et al.,
1999). Although CLCA proteins are characterized by several consensus sites for PKC
phosphorylation, the mechanism of activation of CLCA channels, either directly by Ca®*
or by phosphorylation, is still unknown. In general, whole-cell patch-clamp experiments
have used very high Ca®’ concentrations in the pipette solution, far beyond physiological
relevance, to elicit CLCA-associated currents (Gandhi et al., 1998; Gruber et al., 1998b;
Gruber and Pauli, 1999). The possibility that CLCA proteins activate endogenous Cl
channels rather than being channels themselves has not been excluded by several workers
(Gruber and Pauli 1999; Romio et al., 1999). Whether these epithelial channels are part
of the same Cl channel family as the Cl(Ca) channels of interest in the present study is

unknown.
Bestrophins

Potential Ci(Ca) channels include members of the bestrophin family. Bestrophins

have been described recently as a new family of putative Cl channels (Sun et al., 2002).
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They are protein products of the vitelliform macular dystrophy (VMDZ2) gene. Mutations
in bestrophins induce the autosomal dominant disorder called Best disease, a vitelliform
macular dystrophy in which accumulation of lipofuscin-like material in the retinal
pigment epithelium causes a progressive loss of central vision (Marmostein et al., 2000;
Sun et al., 2002). The characteristic accumulation of fluid in Best disease is consistent
with abnormal fluid transport. Bestrophins have recently been identified in humans and
include hbestl, located on retinal cell membranes. They are ~500 amino acid retina-
specific proteins, shown to be expressed on the basolateral plasma membrane in retinal
pigment epithelial cells (Marmorstein et al., 2000). Bestrophins were thought to consist
of four transmembrane spanning domains, forming multimeric CI channels; however, two
bestrophins were recently cloned from Xenopus oocytes and six transmembrane domains
were predicted following their expression in a variety of tissues (Qu et al., 2003). The
human bestrophin is sensitive to intracellular Ca®" and is physically and functionally
coupled to the protein phosphatase 2A (Marmorstein et al., 2002). Whether this family of
Cl channels, which are sensitive to [Ca®'];, is related to the C1(Ca) channels of interest

here remains to be investigated.

1.8  Goal and hypotheses

Icica) is @ prominent ionic conductance in cone photoreceptors, and is thought to
be responsible for stabilizing membrane potential, possibly during the surround
illumination-induced feedback response from horizontal cells to cone photoreceptors.
The overall goal of this dissertation was to describe features governing the gating of

Icica) to better understand their physiological function in cone photoreceptors. The
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Results section is divided into three chapters (Chapter 3-5). Chapter 3 characterizes
Icicay and demonstrates the modulation of this conductance by [Ca2+]i, for example by
changing the intracellular buffering capacity. The first guiding hypothesis was that
CIl(Ca) channels are activated by a rise in intracellular Ca** ([Ca2+]i) close to the cell
membrane, such as during Ca** entry through voltage-gated Ca channels at the synaptic
terminal. The deactivating kinetics of Ca®*-activated CI tail currents were suggested to
reflect Ca®" diffusion and buffering away from Cl(Ca) channels located at the plasma
membrane. Aside from investigating the importance of Ca*" influx for Icica) activation
using both protocols and agents known to increase [Ca*'];, Chapter 3 also examined
possible intermediate modulators of Cl(Ca) channels, such as the Ca**-binding protein,
calmodulin. Since the molecular identity of Cl(Ca) channels has not been revealed, it
was hypothesized that Icica) could arise from CI channels located in synaptic vesicles (i.e.
CIC-3) that integrate with the plasma membrane during periods of depolarization (hence
the Ca®" dependence).

The contribution of Ca®" stores in Icycs) activation was investigated in Chapter 4.
It was hypothesized that Icyca) would follow [Ca™]; levels and that Ca?" stores would
contribute to channel gating. The activation of Icyca) by Ca*"-induced Ca**-release and
by agents such as IP; and caffeine, which directly release Ca®* from internal stores, was
investigated. None of the agents used to affect the stores modified Icyca). The results
suggested that Ca’* release from Ca®' stores does not increase submembrane [Ca**); level
high enough to modulate Icyca). CI(Ca) and Ca channels at the plasma membrane of cone
synaptic terminals may be physically distant from Ca®* stores, such as those of the

endoplasmic reticulum, and/or Ca®* derived from stores may be rapidly buffered and/or

57



sequestered via intracellular mechanisms. Only during conditions where repetitive
depolarizing pulses, likely increasing [Ca’'];, did the Ca®" stores participate in CI(Ca)
channel gating. In this case, Cl(Ca) channel activation first increased and then an
inhibition of Icyca) followed.

In Chapter 5 it is demonstrated that Icica) was typically inhibited following
sustained activation. It was hypothesized that Cl(Ca) channel inhibition was caused by
high levels of [Ca®'};, referred in the present dissertation as ‘high [Ca’"}-induced
inhibition of I¢yca’, and that this effect was mediated by the phosphorylation state of
intracellular proteins. Dephosphorylation mechanisms were shown to be involved in high
[Ca2+];-induced mhibition of Icycy. Voltage-gated Ca channels involved in Icica)
activation were proposed to be possible targets of this inhibition. In addition,

mechanisms involving Cl(Ca) channels themselves were also suggested responsible for

high [Ca®*");-induced inhibition of Icyca).
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Chapter 2

Methods
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2.1 Isolation of cone photoreceptors

Larval tiger salamanders, Ambystoma tigrinum (Kons Scientific Supply,
Germantown, WI), typically 10-20 cm in length were stored at 4°C under a 12 hr
light/dark cycle. In accordance with guidelines provided by the Canadian Council for
Animal Care, salamanders were decapitated, pithed, and the eyes enucleated. One eye
was placed in amphibian standard bath solution (Table 2.1) and stored in darkness at 4°C
for later use. The other eye was used immediately for retinal cell isolation using the
following procedure. The cornea, iris, and lens were extracted and the retina was gently
pecled from the eyecup in standard bath solution. The isolated retina was incubated for
15-20 min at ~28°C in a Ca®'-free solution (Table 2.1) and rinsed several times in
standard bath solution. The retina was then mechanically triturated with a fire-polished
glass Pasteur pipette to dissociate the cells. Aliquots of the resulting cell suspension were
plated in 0.2-0.5 ml recording chambers formed with Sylgard 182 (Dow Corning,
Midland, MI) in 35 x 10 mm polystyrene tissue culture dishes (Becton Dickinson
Labware, Franklin Lakes, NJ). The dishes were pre-coated with Sal-1, a mouse
monoclonal antibody produced against salamander retinal membranes (a kind gift from
Dr. Peter MacLeish; see MacLeish et al., 1983). Briefly, the dishes were coated with 100
puL of 0.2 mg/ml goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc.,

West Grove, PA) followed by 100 pL of Sal-1 (1:100), both for 1 hr at room temperature.

Isolated retinal cells were kept on ice and allowed to settle to the bottom of dishes for 15-
30 min before each experiment. Whole-cell patch-clamp recordings were mainly

obtained from double cones with intact synaptic terminals (Fig. 2.1); however, large
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Figure 2.1 Typical salamander cone photoreceptors examined during patch-clamp
experiments. Whole-cell patch-clamp recordings were mainly performed on tiger
salamander double cones with intact synaptic terminals, where L-type Ca channels and
CI(Ca) channels are likely located. The principal member (right) of the pair of cells is
characterized by a slender inner segment and can easily be distinguished from the
accessory member (left). The patch electrode is approaching from the left, onto the

accessory member of the double cone. Scale bar: 10 pm.
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Figure 2.1
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single cones in an aggregate were also used. Large single cones as well as both members
of the double cones are positive for L-cone opsin immunolabeling (Sherry et al., 1998)
and have a maximum sensitivity to red light (610 nm) (Mariani, 1986; Perry and
McNaughton, 1991; Makino and Dodd, 1996; Sherry et al., 1998). At the beginning of
each experiment, retinal cells were brightly illuminated with a 50 W Nikon inverted
microscope lamp supplied with ~6 V, which was turned off during recordings to reduce

noise.

2.2 Solutions

The ionic composition of both the standard bath and pipette solutions used to
isolate Ic, and Icyca) are shown in Table 2.1 and 2.2, respectively. Free intracellular Ca**
concentration ([Ca’’}) was calculated at 15 nM using Max Chelator software
(www.stanford.edu/~cpatton/maxc.html) (Bers et al., 1994). These recording solutions,
which contained symmetrical [Cl'], set the equilibrium potential for Cl ions (Ec;) close to
0 mV. Ik and I, the other two most prominent ionic conductances in cone photoreceptors
(Barnes and Hille, 1989), were blocked with intracellular and extracellular Cs’,
respecti\./ely. On some occasions, where indicated in text and figure legends, 3 mM Ca**
contained in the standard bath solution was replaced with the same concentration of Ba**
to isolate Ca channel currents and to eliminate any contribution from Icyca) to whole-cell
current recordings (Table 2.1). In addition, for Ca*™ free experiments performed in the
presence of ionomycin, 3 mM Mg”" and 2 mM BAPTA was added to the standard bath

solution. Solutions were applied at room temperature (between 21°C and 25°C) via a

63



Table 2.1 Composition of extracellular solutions (mM)

Ionic composition Standard bath Ca®" free solution Ba’" solution
solution

NaCl 90 90 90
KCl1 2.5 2.5 2.5
CaCl, 3.0 0 0
BaCl, 0 0 3.0
Glucose 10 10 10
HEPES 10 10 10
CsCl 1.0 0 0
pH (adjusted with NaOH) 7.6 7.6 7.6

Table 2.2 Composition of intracellular solution (mM)

Ionic composition Standard pipette solution

CsCl 95

MgCl, 0.8

CaCl, 0.01

BAPTA:CsOH 0.1:0.4

HEPES 5

Mg**-ATP 1

Na'-GTP 0.2

pH (adjusted with CsOH) 7.2

64



gravity-driven perfusion system through an eight-way valve at an approximate rate of 2
ml/min, and were removed using a vacuum pump.

The pH of each solution was adjusted with NaOH or CsOH (see Table 2.1 and
2.2) before each experiment and measured with a pH meter (Corning model 240).
HEPES, BAPTA, ATP, and GTP were obtained from Sigma-Aldrich (St. Louis, MO).
Drugs (see below), diluted from concentrated stocks, were added to the standard bath

solution, or included in the pipette solution.

23 Drugs

Bay K 8644 (BayK), caffeine (CAF), calcimycin (ionophore A23187),
calmidazolium chloride, calmodulin (CaM), cyclopiazonic acid (CPA), D-myo-Inositol
1,4,5-trisphosphate sodium salt (IP;), ionomycin (IONO), lanthanum chloride
heptahydrate (La*"), 5-Nitro-2-(3-phenylpropylamino)benzoic acid (NPPB), N-[2-
Methlamino)ethyl]-5-isoquinolinesulfonamide hydrochloride (H-8), ryanodine (Ry),
Tetanus toxin (TeTox) from Clostridium tetani, thapsigargin (TG), and trifluoperazine
dihydrochloride were all obtained from Sigma-Aldrich (St. Louis, MO). Anti-CIC-3
(Alomone Labs, Jerusalem, Israel) was dialyzed into the cell via the pipette solution to
assess the contribution of CIC-3 channels in the activation of Icyca. More specifically,
intracellular dialysis of 5 pg/ml of this polyclonal antibody directed against one of the
cytoplasmic domains of the C-terminus (residues 592-661) of the rat CIC-3 was used
(Kawasaki et al., 1994). This epitope is highly conserved in all known vertebrate CIC-3
proteins, and the anti-CIC-3 antibody recognizes a full-length CIC-3 voltage-gated Cl

channel. Okadaic acid (OA) was obtained from Calbiochem (San Diego, CA). All
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chemicals were dissolved as stock solutions in distilled water, dimethyl sulfoxide
(DMSO), or ethanol (EtOH) and were diluted to the final concentrations designated in the
text and figure. The final DMSO and EtOH concentrations never exceeded 0.1%.
Experiments with 0.1% DMSO in the bathing solution produced no change in whole-cell
current parameters when compared to control, and 0.1% EtOH alone has previously been

shown to have no effect (Barnes and Deschenes, 1992).

24  Whole-cell current recordings

Ca**-activated CI” currents (Icicay) were recorded from cone photoreceptors using
the ruptured patch-clamp technique (Hamill et al., 1981). This whole-cell recording
configuration allows measurement of two different electrical parameters: the membrane
potential (V) at a given current (current clamp) and the current across the membrane (I)
at a given voltage (voltage clamp). The voltage-clamp technique allows the identification
and characterization of ion channels by measuring the current required to hold the
membrane potential at a desired voltage. The data presented in the present dissertation
consists of measurements of changes in current through ion channels of the total cell
membrane (see Fig. 2.2) following different voltage-step protocols. This macroscopic
current corresponds to the average of different simultaneously conducting channels.

The whole-cell patch-clamp configuration offers the advantage of controlling the
composition of the solutions on both sides of the cell membrane, facilitating experiments
involving ion substitution or drug application, or where intracellular access is required.

To perform this technique, a seal is formed between a glass pipette and a small patch of
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Figure 2.2 Diffusion of ions from the patch-pipette into the cell cytoplasm following the
whole-cell patch-clamp configuration. (A) A high resistance seal (~1 GQ) is formed
when the pipette touches the cell membrane. This is called the cell-attached recording
configuration. (B) Following suction application to the interior of the pipette, the cell
membrane is ruptured and the pipette solution dialyzes the cellular interior. The
concentration of ions within the cell equilibrates with those in the pipette within a few
seconds due to the relatively small cytosolic volume of the cell compared to the volume

of the patch pipette.
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cellular membrane by lowering the pipette to the membrane surface and applying
negative pressure. Once a seal of sufficiently high (gigaohm) resistance is established, a
brief suction is applied again to the interior of the pipette to rupture the membrane patch
underneath the pipette tip. After the cell is ruptured, there is a low resistance pathway for
current through the pipette, and the patch-pipette solution dialyses the interior of the cell.
Since the volume of the solution-filled pipette is large compared to the cytosolic
compartment of the cells, ion concentrations within the cell cytoplasm rapidly equilibrate
with those in the patch-pipette (Fig. 2.2). In this manner, experiments designed to assess
the effects of cellular modulators were performed, in which compounds were introduced
into the cell cytoplasm via the patch-pipette, or added to the bath solution by continuous
perfusion, allowing rapid changes in the ionic composition outside the cell.

A schematic diagram for a whole-cell voltage-clamp circuit is shown in Figure
2.3. This scheme consists of a recording microelectrode inserted into a glass pipette
filled with a known concentration of ions. In the whole-cell voltage-clamp configuration,
electrical and chemical continuity exists between the recording microelectrode and the
cytoplasm of the cell. In addition, the cell membrane resistance (Ry,) must be larger than
the series resistance (R) arising from the recording microelectrode. The actual cell
membrane potential (V) is fed into the negative input of the amplifier, whereas the
command potential (V.) is fed into the positive input. The cell membrane potential is
voltage clamped to the electrode potential or command voltage. A feedback amplifier
(Amp) continuously compares the measured V,, and V.. When current flows through

membrane ion channels, a difference in the measured V,, and V. is detected by
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Figure 2.3 Simplified circuit for the whole-cell patch-clamp configuration. The circuit
clamps the membrane potential (V) at the value of the command potential (V.), and
measures the required compensatory current. When a difference is detected between Vy,
and V., the amplifier generates a current to null the difference. The recorded current is
equal but opposite to the current flowing through channels located in the cell membrane.
Amp: amplifier; R.: cell membrane resistance; Ry: feedback resistor; R: series resistance
arising from the recording microelectrode; Vi membrane potential; V. command

potential.
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Figure 2.3
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the amplifier and a compensatory current (I) to zero the difference is generated at the
output of the amplifier. Because of the high resistance of the feedback resistor (Ry), the
current will flow across Ry into the recording pipette and not back into the amplifier. The
current injected via the recording microelectrode to clamp Vy, at V. is equal but opposite

to the actual current flowing through the plasma membrane 1on channels.

2.5  Instruments

Patch electrodes were pulled from fire polished micro-hematocrit capillary tubes
(VWR Scientific, West Chester, PA) using a two-step vertical pipette puller (Kopf model
730, David Kopf Instruments, Tujunga, CA). Pipette tips were first dipped in and then

back-filled with filtered (0.22 pm pore) standard pipette solutions. Filled pipettes had 5-

10 MQ tip resistances, measured in the standard bath. The bath reference electrode
consisted of a bath solution-filled agar bridge with an AgCl wire (World Precision
Instruments, Inc., Sarasota, FL). Offset currents were nulled before seals were made.
Whole-cell voltage was clamped with an Axopatch-1D amplifier (Axon Instruments,
Foster City, CA) using whole-cell membrane capacitance (Cp) and series resistance (R)
compensation to reduce capacitive artifacts. The averaged C,, was calculated at 16.4 +
0.4 pF and R, was 21.5 £ 0.8 MQ (n=102). Signals were filtered (0.5-1 kHz) (Ithaco
4302 Dual 24dB/octave filter, Ithaca, NY) and digitized (1 kHz) with an Indec Systems
interface (Sunnyvale, CA) for storage on the hard disk of a computer running BASIC-
FASTLAB acquisition software. BASIC-FASTLAB generated the voltage-clamp
commands, and provided some data analysis. Several successive points were averaged

together in some records where currents changed slowly in time to reduce the storage
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requirements. For illustration, one to three points at the peak of each capacitance current

transient have been removed from some records.

2.6 Quantitative evaluation

In all experiments described, the holding potential was set at -60 mV. The
standard depolarizing protocol consisted of voltage steps from -70 mV to +60 mV that
were changed in increments of 10 mV, and were applied for a duration of 100 ms every 3
or 5 sec. Ca’"-activated CI' tail currents t were recorded at -60 mV (ie. upon
repolarization) for 800 ms after each step (Fig. 2.4A). Repetitive depolarizing pulses,
consisting of 100 ms steps from -60 mV to -20 mV at 1, 2, and 5 sec intervals were used
also used on occasions where indicated in the text and figure legends. An increase in the
current (~100% on average) up to 5 min following rupture of the whole-cell patch in
control conditions was observed, as is typically observed in ruptured patch recordings
(Barnes and Bui, 1991). Therefore, recordings were obtained a few minutes post-rupture,
after the current had stabilized. For experiments where intracellular drugs were applied
via the recording patch-pipette solution, control recordings were taken ~5 min following
rupture of the whole-cell patch. Current-voltage (I-V) relations were measured by
calculating the mean current between 90-94 ms into each voltage step (Fig. 2.4B
measured from Fig. 2.4A; black arrowhead), and 12-15 ms after the return to -60 mV
(Fig. 2.4C measured from Fig. 2.4A; grey arrowhead). Occasionally, where indicated in
the text and figure legend, the current during depolarizing steps was measured early,
between 3 and 6 ms following depolarizing voltage steps (white arrowhead; Fig. 2.4A).

Tail currents were also quantified by calculating the integral of the current, which
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Figure 2.4 A representative example of whole-cell voltage-clamp recording and analysis
obtained from a salamander cone photoreceptor. (A) Current traces obtained with the
standard depolarizing protocol, consisting of 10 mV increments from -70 mV to +60 mV
from a holding potential of -60 mV, under the conditions used in this study to isolate Ic,
and Icyca. (B) Leak-subtracted current-voltage (/-V) relation collected from the mean
current measured at the end depolarizing voltage steps, a region indicated by the black
arrow in (A). The current measured at depolarizing voltage steps, which comprises both
Ica and Igyca), Was typically inward between -30 mV and +10 mV, and outward positive
to +10 mV. (C) Leak-subtracted Ca**-activated CI" tail currents, recorded at -60 mV and
plotted against the voltage of the preceding step, were measured at the area indicated by
the grey arrow in (A). The Ca**-activated CI” inward tail currents were typically elicited
during depolarizing voltage steps positive to -30 mV. The amplitude of the tail currents
increased as the voltage was stepped to positive potentials in 10 mV increments, until the
maximum amplitude, following voltage steps between 0 mV and +10 mV, was reac"hed.“
When voltage potentials were stepped positive to +10 mV, the Ca*"-activated CI tail
currents decreased in amplitude. (D) Offset subtracted charge-voltage (Q-V) relation,
calculated from the integral of the Ca’-activated CI tail currents and plotted against the

voltage of the preceding steps, were also calculated to estimate the amount of charge

entry (Q in pC).
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estimates the amount of charge entry (Q in pC) (Fig. 2.4D). Another voltage-clamp
protocol, referred to as ‘repeated strong depolarizations’ was used in the present
dissertation. Repeated strong depolarizations consisted of 100 ms prepulses to 0 mV,
each followed by 100 ms steps changing from +20 mV to -80 mV in decrements of 10
mV, applied at 2 Hz (Chapter 3 and Chapter 5). -V relations for this particular protocol
were obtained from the mean current 25 ms before the end of the voltage steps.

Changes in currents following drug application were expressed as a percentage of
control, defined as [I-(Liest)/(Iconrar)] X 100, and were assessed at the peak current
measured during depolarizing voltage steps and during repolarization following those
steps, unless otherwise indicated. Activation curves were constructed from leak
subtracted I-V relations by dividing by the driving force. Activation curves were fitted
with the Boltzmann function 1/{1+ exp((¥V-V1,)/m)} to characterize the voltage for half
activation (activation midpoint, Vj,) and slope factor (m). Summarized data are
expressed as mean + s.e.m (where n represents the number of cells). Data were plotted in
Sigma Plot 2001 for Windows and were presented in Canvas 9.0 (Deneba Software,
Miami, FL). Statistical analyses of drug effect were performed on raw data using
Student’s paired ¢-tests. One-way repeated measures ANOVA was also used where more
than one treatment was applied. Differences between mean current remaining from two
different samples were compared with the non-parametric Mann-Whitney Rank Sum

Test. Probability (P) values of less than 0.05 were considered statistically significant

(*P<0.05 and **P<0.01) (SigmaStat 2.03).
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Chapter 3

Characterization of I, in Isolated

Tiger Salamander Cone Photoreceptors

Parts of this chapter have been previously published in the following publications:

Lalonde MR, Barnes S. 2003. Contribution of Calcium Stores to Activation of Chloride
Current in Cone Photoreceptors. Society for Neuroscience, E-Abstract 791.18.

Lalonde MR, Barnes S. 2004. Inhibition of Cl{Ca) Channels in Response to High
Intracellular Calcium Levels Due to Dephosphorylation-Mediated Ca channel Inhibition
in Cone Photoreceptors. Society for Neuroscience, E-Abstract 65.12.

Parts of this chapter are submitted to be in the following publication:

Lalonde MR, Barnes S. 2004. Contribution of Calcium Stores to Activation of Calcium-
Activated Chloride Currents in Cone Photoreceptors. European Journal of Neuroscience.
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The present chapter describes the activation of Ca’*-activated CI” currents (Icyca),
in isolated tiger salamander cone photoreceptors. Icyca is thought to arise from the
activation of CI(Ca) channels, which have not previously been described in salamander
cone photoreceptors. A model in which Ca**-activated CI tail currents decay in a
manner that reflects the diffusion of Ca®* ions from submembrane microdomains will be
introduced. Changes in Ca®*-activated CI tail current amplitude and kinetics in response

to various voltage protocols and drugs known to modify [Ca®" ; were investigated.
gep g g

3.1  Icica is activated by depolarization-evoked Ca®" influx

This first section describes how Icyca) can be elicited by depolarization-evoked
Ca®" influx. Figure 3.1 demonstrates a typical voltage-clamp recording of an isolated
salamander cone photoreceptor, responding to a 100 ms voltage step to 0 mV from a
holding potential of -60 mV. For this cell, the membrane capacitance (Cy,) was 26 pF
and the series resistance (R;) was 15 MQ after ~4.5 min of dialysis with intracellular
solution. The voltage step to 0 mV first opens voltage-gated Ca channels, which leads to
an influx of Ca*" ions. Cl(Ca) channels responsible for I¢yca) are activated following this
increased [Ca2+]i, which I show later to be localized to the local submembrane area.
Hence, during depolarizing voltage steps, the early current (measured between 3-6 ms
into each voltage step) is predominantly a Ca®" current (I¢c,) whereas both Ic, and Icica
contribute to the late current (measured between 90-94 ms into each voltage step). Since
Eq is set at 0 mV, a depolarizing step to that potential should elicit Ic, uncontaminated by

movement of CI” ions into or out of the cell. As seen in the example shown in Figure 3.1,
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Figure 3.1 Icyca) activates following depolarization-evoked Ca®" influx in isolated tiger
salamander cone photoreceptors. During the depolarizing stimulus (-60 mV to 0 mV for
100 ms) both a Ca current (Ic,) and Icyca) are activated. The depolarizing voltage step
first leads to an influx of Ca®" through voltage-gated Ca channels, which then activate
Cl(Ca) channels. During a depolarizing voltage step, the early current is predominantly
Ica, whereas the late current consists of both I¢, and Icyca. Upon repolarization of the
membrane to a holding potential of -60 mV, voltage-gated Ca channels quickly
deactivate and a large slowly decaying Ca**-activated CI tail current develops due to the
increased [Ca®"]; and the large driving force for CI ions (Ec is set at 0 mV). The
complex time course of Ca*"-activated CI tail current decay is thought to reflect the
closure of C}(Ca) channels as submembrane [Ca*']; falls. The dashed line represents zero

current.
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the inward current during the step declined sharply at first but then increased slowly as
the depolarization persisted. The reason for the early decrease is unknown but could be
due to vesicular proton release inhibiting presynaptic Ca channels (Devries, 2001; Palmer
et al., 2003). In addition, the increase seen in the late current could be due to a small
difference between Ec; and 0 mV. Following the return of the membrane potential to -60
mV, voltage-gated Ca channels responsible for Ic, in these cells deactivate within 5 ms
(Wilkinson and Barnes, 1996) but a large inward Ca*"-activated CI' tail current develops
in response to both the elevated [Ca*'}; from the preceding depolarizing voltage step, and
the increased driving force for Cl” ions. The amplitude of Ca*-activated CI tails is
determined not only by [Ca®']; at the submembrane level, but also by the number of
CI(Ca) channels activated by Ca®', and the electrochemical gradient for CI ions. Since
neuronal Ca*-activated CI' tail currents do not show evidence of inactivation (see
reviews by Scott et al., 1995; Frings et al., 2000), the complex time course of decay
following repolarization is proposed here to reflect the slow deactivation of Cl(Ca)
channels as submembrane [Ca’']; decreases due to Ca’" handling and restoration to

normal resting levels via a variety of cellular processes.

3.2  Free [Ca®]; sets the amplitude and Kinetics of Ca**-activated CI' tail
currents, which deactivate following a saturated exponential function

The importance of [Ca®™]; for CI(Ca) channel activation can be readily
demonstrated by changing the Ca®" buffering capacity in the patch-pipette solution. The
kinetics of the Ca®'-activated CI' tail current have previously been shown to be
modulated in different cells by changing the buffering capacity of the intracellular

environment (Bader et al., 1987; Korn and Weight, 1987). In isolated salamander cone
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photoreceptors, relatively larger Ca®"-activated CI tail currents (0.1 mM BAPTA, 146 +
13 pC; n=8) with slower deactivation kinetics were obtained in the presence of a low-
capacity buffering system, whereas smaller Ca’*-activated CI tail currents (1 mM
BAPTA, 13 £ 3 pC; n=4) with faster kinetics were present when the free [Ca2+]i was
reduced (Fig. 3.2). Figure 3.2A, B, and C demonstrate a representative example of a
family of current traces, recorded with the standard depolarizing protocol, as described
above, in the presence of intracellular BAPTA at concentrations of 0.001, 0.1, and 1 mM.
Differences in the amplitude of Ca®"-activated CI tail currents as the BAPTA
concentration was increased in the patch-pipette solution can be easily discerned. For
each experimental condition, differences in Icyca) kinetics were further investigated by
fitting the largest Ca* -activated CI tail currents with a saturated exponential function.
Deactivating CI(Ca) tail currents were fit with a saturating exponential function of the
following form to emphasize possible features governing Icyca) activation:
Lieact = Lmax * {1-1/(1+([Ca” VECs0)")}, where [Ca®*] oc Lexp = Ljpst * €

A single exponential, I, was first fit to the late stage of the deactivating current, a
region typically well suited for exponential fitting. However, the amplitude of the
exponential function exceeded by a large margin the amplitude of the tail current at times
immediately following the voltage step back to -60 mV, and frequently deviated in this
manner for tens of milliseconds. Convolution of the exponential function with a
modified Hill equation (expressed as a function of current, not concentration) reduced or
saturated the early large amplitude region of the tail current decay, yet had no effect on

the late smaller amplitude stage. Since the magnitude of the exponential current, Ix,, was
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Figure 3.2 Salamander cone Ca*'-activated CI' tail currents, which deactivate following
a saturated cxponential function, are regulated by free [Ca*'}i. (A) Representative
example of a family of current traces recorded with the standard depolarizing protocol in
the presence of a low-capacity buffering system, which consisted of 0.001 mM BAPTA
in the patch- pipette solution (free [Ca®"}; calculated at 99 nM). Large amplitude Ca®*-
activated CI' tail currents with slow kinetics were observed. The peak Ca**-activated CI
tail current was fit with a t value of 220 ms, and the Hill parameters for this fit were a
saturation level of 2050 pA, a half saturation of 1500 pA, and a slope coefficient of 1.1.
(B) Smaller Ca”"-activated CI tail currents with faster decay kinetics were present when
[Ca2+]i was buffered by increasing the BAPTA concentration to 0.1 mM in the patch-
pipette solution (free [Ca®]; calculated at 15 nM). The peak Ca®"-activated CI” current,
which was recorded following a 0 mV depolarizing step from a holding potential of -60
mV, was fit with a saturating exponential function, which is shown as a dotted line in
(D). The exponential portion was fit with a T value of 98 ms and the parameters of the
Hill-type equation that produced appropriate deviance from the exponential were: a
saturation level of 2600 pA, a half saturation value of 1700 pA, and a Hill coefficient of
1.15. (C) Although calculated free [Ca**); was the same as in (B), i.e. 15 nM, the Ca*-
activated CI tail currents were much smaller due to the higher concentration of BAPTA
(1 mM) in the patch-pipette solution. The exponential fit for peak Ca**-activated CI
current had a t value of 43 ms, and almost no saturation was applied (the same

parameters as in Fig. 3.2A were used).
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assumed to be proportional to the concentration of a gating factor (e.g., [Ca2+]), this
component replaced the concentration variable in the Hill equation. Adjusting the
midpoint value for I, saturation (ECsg), the saturation amplitude (Inm.), and
cooperativity constant (Hill coefficient, n) optimized the fit.

After a duration of ~200 ms following the return to -60 mV, the decay followed
an exponential time course. However, before this time, convolution with a sigmoidal
dose-response function produced saturation of the exponential curve. At the lowest
concentration of intracellular BAPTA tested (0.001 mM; example cell shown in Fig.
3.2A), the exponential portion of the peak Ca’"-activated CI tail current was fit with a
mean 1 value of 190 £ 17 ms (n=5), a relatively slow rate of deactivation. Figure 3.2B
shows a family of current traces recorded with 0.1 mM BAPTA in the patch-pipette
solution. The averaged t calculated when this buffering system was used was 109 + 10
ms (n=8). The saturated exponential fit of the largest Ca®"-activated CI tail current,
which was recorded at 0 mV (and previously shown in Fig. 3.1), is shown as a dotted line
in Figure 3.2D. At the highest concentration of intracellular BAPTA tested (1 mM; Fig.
3.2C), the averaged t value calculated was 57 = 6 ms (n=4). These results indicate that
when free [Ca®']; is high, Ca®*-activated CI tail currents deactivate slowly. This agrees
with the proposed model that the Ca”'-activated CI tail current decay reflects Ca®" ions
diffusing away from the CI(Ca) channels located at the plasma membrane. A relatively
faster rate of Ca’'-activated CI tail current deactivation was observed when a high-
capacity buffering system was used, in agreement with a fast decrease in free [Ca®"}; near
Cl(Ca) channels after the voltage-gated Ca channels had closed. These results also

suggest good dialysis of the patch-pipette solution approximately two minutes following
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the rupture of salamander cone photoreceptors, the time at which the data were recorded.
Unless otherwise indicated in the text or figure legends, all subsequent experiments were
conducted using 0.1 mM BAPTA (Fig. 3.2B), since this offered the best manageable

conditions to record Icyca).

33 Cone photoreceptor Icica) is characterized by outward rectification

The current-voltage (I-V) relation of CI(Ca) channels was investigated using
jonomycin, a Ca** ionophore that induces a sustained increase in [Ca®"]; (see Appendix
1). Superfusion with 5 uM or 10 pM ionomycin activated an outwardly rectifying
current that reversed close to 0 mV (Fig. 3.3C). Figures 3.3A and B show representative
examples of a family of current traces from a cone photoreceptor before and
approximately 3 min after 5 uM ionomycin superfusion, respectively. Ionomycin evoked
a sustained Icyca) activation probably reflecting increased [Ca*"];. Figure 3.3C shows the
constructed /-V relations from the recording before (Control; black circles) and after
(IONO; white circle) ionomycin superfusion. The I-V relation in the presence of
ionomycin approaches linearity and reverses close to E¢;. This steady-state /-V relation
was normalized at -40 mV (potential generating largest Ca**-activated CI tail current) to
correct for changes in current at the holding potential (IONOypom,; grey circles). The
normalized I-V relation in the presence of ionomycin also indicates outward rectification

at positive potentials. Similar results were obtained from other cone photoreceptors

(n=3).

86



Figure 3.3 Step depolarizations in the presence of ionomycin (IONO; 5 or 10 pM; n=3)
evoked sustained Icyca) activation in cone photoreceptors. (A) Current traces elicited
with the standard depolarizing protocol in control conditions and (B) in the presence of
jonomycin (5 uM). Zero current is indicated by the dotted line. Ca*'-activated CI tail
currents show little deactivation in the presence of ionomycin. (C) Constructed I-V
relations from the same cone measured during depolarizing voltage steps in control
conditions (Control; black circles; leak-subtracted) and in the presence of ionomycin
before (IONO; white circles), and after normalization (IONOnorwM; grey circles). With
ionomycin, the current reverses close to Ec¢; and is characterized by some outward

rectification at positive potentials.
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Another Ca** ionophore called calcimycin (or ionophore A23187) has been used
at a concentration bellow 5 uM to elevate [Ca®']; and activate Icycy in secretory cells and
Xenopus oocytes (Marty et al., 1984; Boton et al., 1989). Unlike ionomycin, calcimycin
(10 uM) failed to increase the amplitude of Icica) in salamander cone photoreceptors. A
family of current traces recorded in control conditions (Fig. 3.4A) remained unchanged
after calcimycin was added to the standard bath solution (Fig. 3.4B). Figure 3.4C shows
the corresponding /-V relations. The averaged peak current remaining in the presence of
calcimycin was 82 + 18% (n=3), measured during depolarizing voltage steps, and 87 +
16% (n=3), measured during repolarization following those steps (i.c. Ca**-activated CI
tails).

Repeated strong depolarizations also elicited currents characterized by an I-V
relation displaying outward rectification that reversed close to E¢;. This protocol, which
was applied at a frequency of 2 Hz, consisted of a 100 ms prepulse to 0 mV from a
holding potential of -60 mV, followed by 100 ms voltage steps that were changed by
decrements of 10 mV from +20 mV to -80 mV (see Fig. 3.5B). This voltage-clamp
protocol most likely increases intracellular Ca® levels since it generated similar I-V
relations to the ones obtained in the presence of ionomycin, which has been shown to
induce sustained [Ca?']; elevation in salamander cone photoreceptors (see Appendix 1).
Figure 3.5A demonstrates a recording from a cone photoreceptor held at -60 mV and
depolarized from -80 mV to +20 mV, in 10 mV increments at a rate of 0.5 Hz. The I-V
relation from this recording is typical of voltage-gated Ca channel, with an Icica)

component (reverses near Ec; at 0 mV) (Control; black circles; Fig. 3.5C). A large CI'
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Figure 3.4  Calcimycin (ionophore A23187) did not modify Icyca in cone
photoreceptors. (A) Representative example of a family of current traces elicited with the
standard depolarizing protocol before and (B) after calcimycin (10 pM) was added to the
extracellular solution. I¢yca) remained unchanged. (C) I-V relations (not leak-subtracted)
constructed from the current measured during depolarizing voltage steps obtained from
the same cone photoreceptor in control conditions (black circles) and in the presence of

calcimycin (white circles).
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Figure 3.5 Repeated strong depolarizations (0 mV pulses of 100 ms duration, repeated at
2 Hz) elicited sustained Icyca) activation, characterized by outward rectification at
positive potentials. (A) Typical family of current traces obtained from a cone
photoreceptor held at -60 mV and depolarized with 10 mV increments from -80 mV to
+20 mV at 0.5 Hz. (B) The same cone generated a large inward conductance when a 100
ms prepulse to 0 mV was added to the voltage-clamp protocol, which consisted of 10 mV
decrements from +20 mV to -80 mV applied at 2 Hz. The dashed line indicates zero
current. (C) Without the fast-paced depolarizing prepulses to 0 mV, the I-V relation
measured from the mean current 25 ms before the end of the voltage steps represents a
combination of both I¢c, and Icyc,) (Control; black circles; leak-subtracted). Following
repeated strong depolarizations, the characteristic outward rectification of Icyca) 1s
revealed (Prepulse; white-circles). The I-V relation remains outwardly rectifying
following normalization (Prepulsenorm). This cell was recorded using a low-capacity

buffering system (1 uM BAPTA and 0.1 mM CaCl,).
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Figure 3.5
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conductance developed from the repeated strong depolarization protocol (Fig. 3.5B).
The 0 mV prepulse used in this protocol most likely induced Ca" influx through voltage-
gated Ca channels, resulting in increased submembrane [Ca®*}; and Icica) activation. The
sustained Icyca) activation is characterized by some outward rectification at positive test
potentials (Prepulse; white circles; Fig. 3.5C). The normalized /-V relation (corrected for
changes in current at holding potential) also shows some outward rectification
(Prepulsenorm; grey circles; Fig. 3.5C). Similar recordings were obtained from other
1solated salamander cone photoreceptors (n=4). Superfusion with ionomycin and
repeated strong depolarizations first caused an increase in Icica), as shown in Figure 3.3
and 3.5, but this enhancement was followed by inhibition of I¢yca. This will be

discussed in more detail in Chapter 5.

34 Increased Cl(Ca) channel activation by Ca’ influx through voltage-gated L-
type Ca channels

Voltage-gated Ca channels play a key role in sustaining glutamate release at the
photoreceptor synapse. Dihydropyridine-sensitive L-type Ca channels have been
identified and characterized in cone photoreceptors (Wilkinson and Barnes, 1996). The
activation of CI(Ca) channels by Ca”" influx specifically through voltage-gated L-type Ca
channels was investigated with (£)-Bay K8644 (BayK), a well-known agonist of
dihydropyridine-sensitive Ca channels. In cone photoreceptors, BayK significantly
(P<0.01) increased peak Icica) (Steps: 62 = 7%; Tails: 27 + 8%; n=5). Figure 3.6A
demonstrates a representative example of a voltage-clamp recording from an isolated

cone photoreceptor. Figure 3.6B shows a constructed /-V relation in control conditions
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Figure 3.6 Cone photoreceptor Cl(Ca) channels are activated by Ca>" influx through
voltage-gated L-type Ca channels. (A) Representative current traces from a cone
photoreceptor held at -60 mV and depolarized to -20 mV in control conditions (Control;
solid line) and in the presence of 1 M (%)-Bay K8644 (BayK; dotted line), added to the
extracellular solution. Both I¢, and Icyc,) were increased by BayK. (B) Leak subtracted
I-V relations from the same cell comparing the current measured during depolarizing
voltage steps in control conditions and (C) in the presence of BayK, showing that the
difference between the current measured early vs. later during depolarizing steps intersect
at 0 mV for both conditions. (D) Leak-subtracted /-V relations from the same cone
measured early on during depolarizing voltage steps reflect the increase in I¢, in the
presence of BayK (white circles) when compared to control (black circles). (E) Ca®'-
activated CI” Q-¥ relations (offset-subtracted) from the same cell demonstrate an increase
in Icyca) with application of BayK. (F) Summary of the cumulative data showing the
significant increase in the peak current remaining (expressed as a percentagé of control)
in the presence of BayK. The peak current remaining measured early on during
depolarizing voltage steps (Early voltage step) was increased by 54 = 15% (n=4) while
the Ca**-activated CI" tail current integral (Tail integral) was enhanced by 40 + 10%

(n=4). *P<0.05.
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measured early on into each depolarizing voltage step (between 3-6 ms; black circles),
where there is less contamination from Icyca), and later (between 90-94 ms into each
voltage step; light grey circles). The difference between the two I-V relations, which
reflects the contribution of Icyca) alone, reverses at E¢i. Figure 3.6C compares the -V
relations in the presence of BayK measured early (white circles) and later (dark grey
circles) during depolarizing voltage steps. The difference between these two I-V relations
also reverses at 0 mV. The /-V relations from control conditions and in the presence of
BayK, measured at the beginning of the voltage steps are shown in Figure 3.6D and
demonstrate an increase in the presence of BayK. In addition, the Ca®*-activated CI' Q-V
relations also show an increase in the presence of BayK (Fig. 3.6E). A 54 + 15% (n=4;
P<0.05) increase was observed in the current measured early on in the voltage steps,
whereas Icyca measured from the integral of the Ca’'-activated CI tail current was
enhanced by 40 + 10% (n=4) (Fig. 3.6F), suggesting a near one-to-one correspondence
between Ca®" entry and C1(Ca) channel activation.

The potentiation of Icyca by BayK has also been previously observed in dorsal
root ganglia (DRG) neurons (Scott et al., 1988). The activation of voltage-gated Ca®*
currents most likely increases Ca’'-activated CI tail currents by increasing the Ca®*
available to activate Cl(Ca) channels. The results of this study suggest that Cl(Ca)
channels are activated by local Ca®" microdomains located at the plasma membrane as a
result of Ca”" entering via voltage-activated L-type Ca channels in cone photoreceptors.
Cl(Ca) channels may therefore be co-localized with high voltage-gated Ca channels at the
plasma membrane, to ensure efficient activation by localized domains of elevated Ca**

(Chad and Eckert, 1984; Llinas et al., 1992).
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3.5 Barium increases depolarization-induced current but inhibits Ca™-activated
CT tail currents

Barium (Ba®") ions permeate Ca channel pores more readily than Ca*" ions, and
are commonly used as charge carriers to study voltage-gated Ca channels. Thus, the
ionic specificity of cone photoreceptor Cl(Ca) channel activation was investigated by
equimolar replacement of Ca®* with Ba”* in the standard bath solution. In the presence of
3 mM Ba®", peak current measured during depolarizing voltage steps was significantly
(P<0.05) enhanced by 35 * 7% (n=3), while peak Ca’"-activated CI tail current was
significantly (P<0.05) inhibited by 84 + 12% (n=3). This is demonstrated in a
representative cell shown in Figure 3.7A during a voltage-step protocol when 3 mM Ca**
(solid line) was replaced with 3 mM Ba®* (dotted line). Figures 3.7B and C show I-V
relations from another cell, measured during depolarizing voltage steps and during
repolarization following those steps, respectively, in the presence of either 3 mM Ca®*
(black circles) or Ba?" (white circles). The increased current during depolarization
reflects more current through voltage-gated Ca channels when Ba®* was used as a charge
carrier. The inhibition of Ca**-activated CI tail currents with Ba®" suggests that Ca®"
ions are required for the activation of CI(Ca) channels. Another possibility is that Ba®*
also activates Cl(Ca) channels but these ions are buffered faster from submembrane

microdomains.
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Figure 3.7 Ca’" substitution with barium (Ba®") in the extracellular solution increases
the current measured during depolarizing voltage steps and abolishes Ca**-activated CI
tail currents. (A) Current traces from a cone photoreceptor held at -60 mV and
depolarized to 0 mV in control conditions (3 Ca®"; solid line), and after extracellular Ca*
was replaced with equimolar Ba®>" (3 Ba®'; dotted line). In 3 mM Ba®", the current
measured during depolarization was increased, whereas the Ca**-activated CI” tail current
was inhibited. (B) Leak-subtracted I-V relations from a different cell, measured during
depolarizing voltage steps elicited with the standard depolarizing protocol, shows the
increased inward current after substitution of Ca’>* with Ba’*. (C) From the same cell,
leak-subtracted I-V relations measured during repolarization and plotted against the
corresponding voltage from the steps. The Ca**-activated CI tail current was inhibited in
the presence of Ba”". For this set of data, the buffering system for the intracellular

solution was 1 mM EGTA and 0.1 mM Ca®* (calculated free [Ca**]; of 17.8 nM).
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3.6 Icica) in salamander cone photoreceptors is blocked by the Cl channel
blocker NPPB

5-Nitro-2-(3-phenylpropylamino)benzoic acid (NPPB), a commonly used Cl
channel blocker, was used to test the biophysical properties of ClI(Ca) channels. At 100
uM, NPPB has previously been shown to block Cl(Ca) channels in bovine pulmonary
artery endothelial cells (Nilius et al., 1997b). In the present study, a reversible inhibition
of Icica) in cone photoreceptors was observed when 100 uM NPPB was added to the
superfusate, which typically contained 3 mM Ca** (Figs. 3.8A-C, F). On average, NPPB
significantly (P<0.05) inhibited the current induced at a test potential of -20 mV by 80 +
2% (3 mM Ca”"; black; n=3) and the corresponding Ca**-activated CI tails by 71 + 8%
(3 mM Ca”™; white; n=3) (Fig. 3.8F). The time course of current remaining, measured
during depolarizing voltage steps (Steps; black circles) and during repolarization
following those steps (Tails; white circles), indicates the inhibition upon NPPB
application (Fig. 3.8A). The current traces (Fig. 3.8B) and Ca**-activated CI tail Q-V
relations (Fig. 3.8C) also demonstrate the decrease in Icyca).

The inward current measured early on during -20 mV voltage steps, which is less
contaminated with Icyca) (i.€. contains more Ca*" current) was also significantly (P=0.01)
inhibited (mean inhibition of 72 £ 5%; n=3) in 3 mM extracellular Ca®’. Therefore,
similar experiments were performed by replacing extracellular Ca®* with equimolar Ba®*
to investigate if NPPB also inhibits Ca channels. Although NPPB is a commonly used Cl

channel blocker, application of this drug also resulted in reduction of the Ca channel
current (Figs. 3.8D, E, and F). Measured in 3 mM Ba®', NPPB induced a 44 + 7% (n=3)

Ca channel blockade induced at a test potential of -20 mV (Fig. 3.8F), which likely
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Figure 3.8 The chloride channel blocker NPPB (100 uM) reduced Icyca) and Ca channel
currents in salamander cone photoreceptors. (A) Time course of current remaining
measured during depolarizing steps to -20 mV (Steps; black circles) and during
repolarization following those steps (Tails; white circles), showing the NPPB-induced
inhibition. (B) Current traces from a -20 mV depolarizing voltage step recorded in
control conditions (solid line), in the presence of NPPB (dotted line), and during wash of
NPPB (dashed line). The current was markedly increased when NPPB was removed
from the superfusing solution and overshot control levels. (C) Offset-subtracted Ca®'-
activated CI' Q-V relations, obtained from the same cone, show reduced charge entry
during NPPB superfusion (white circles) when compared to control (black circles). (D)
Ca channel current traces (3 mM extracellular Ca®" was replaced with Ba®") recorded
from a cone held at -60 mV and depolarized to -20 mV in control conditions (solid line)
and in the presence of NPPB (dotted line). NPPB caused a reduction in the Ca channel
current. (E) Leak-subtracted /I-V relations of the Ca channel current from the same cone
showing the reduction in the presence of NPPB (white circles) when compared to control
(black circles). (F) Summary of the average current remaining at -20 mV following the
application of NPPB. In 3 mM Ca®’, NPPB blocked 80 + 2% (n=3) of the current
measured at -20 mV (Steps; black bar) and 71 + 8% (n=3) of the corresponding Ca*-
activated CI tail current measured at -60 mV (Tails; white bar). The Ca channel current,

tested in 3 mM Ba®", was reduced to 56 + 7% (n=3) during NPPB superfusion. *P<0.05.

102



Figure 3.8

A -
;@160
2120
o
a
— 801
©
[®))
c
£ 407
1]
5 o
= T
Time (min)
B
-20 mV
60 mV

— Control
Y 22 P NPPB

/ -—= Wash
4
/ <
Q.
A 3
Y 100 ms
C
—&— Control
—O—NPPB

V (mV)
60 -40

60

40

20 0 20

D
20 mV
60 mV
o ettt ettt
r/—’- — Control
........ NPPB
. 4 <
Q.
o
k"\"\o‘» 8
100 ms
E
<
V (mV) 2
60
—&—Control
-30¢¢ —O—NPPB
F
§100' B Steps
80- O Tails 3mM 882+
3 mM Ca?*

o)}
o

N
o

| remaining at -20 mV
BH
o

il

o

103



contributed to the inhibition of Icyca), in addition to the direct block of Cl(Ca) channels.
The reduction in Ca channel currents by NPPB was irreversible; however, Icica
recovered above baseline levels following washout of NPPB. For example, as shown in
the figure, Icyca) Was increased by ~60% of its original value when NPPB was removed
from the superfusate (Figs. 3.8A and B). The factors responsible for over-recovery of

Icica) were not further investigated in the present series of experiments.

3.7  Icica is not modulated by calmodulin or by calmodulin inhibitors

In addition to ion channels and pumps, many key Ca’'-dependent cellular
enzymes, such as protein kinases and phosphatases, are localized at the inner segment of
cone photoreceptors. Within the inner segment, Ca’" may activate calmodulin (CaM)
kinases that in turn could phosphorylate a number of targets within the synaptic terminal,
including CI(Ca) channels. Alternatively, CaM could be a direct intermediate between
CI(Ca) channel activation mediated by [Ca®'};. The effect of CaM on salamander cone
Icicay was investigated by including 1 pM CaM in the recording pipette solution. Figure
3.9 demonstrates a representative example in which a cell was subjected to intracellular
CaM. Ca’"-activated CI' tail currents were present and unchanged as seen from the
current traces (Fig. 3.9A). The I-V relation from the current measured during
depolarizing voltage steps (Fig. 3.9B), and Ca*"-activated CI" Q-V relation (Fig. 3.9C) are
also illustrated. Similar results were obtained in three other cone photoreceptors.
Currents recorded ~5 min following rupture of the whole-cell patch were compared to

recordings obtained ~10 min post-rupture. After this time, the peak current remaining

104



Figure 3.9 Activation of Cl(Ca) channels by Ca®" is not regulated via an intermediate
mechanism involving calmodulin (CaM), a Ca**-binding protein. The presence of
calmodulin (CaM; 1 pM in pipette solution; n=5) did not alter Icyca). (A) Representative
current traces elicited by the standard depolarizing protocol in the presence of CaM (~10
min) in the recording pipette solution. Zero current is indicated by the dashed line. (B)
Constructed I-V (leak-subtracted) and (C) Ca”*-activated CI' Q-V (offset-subtracted)

relations from the same cone, were unmodified in the presence of CaM.
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Figure 3.9
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during depolarizing voltage steps and during repolarization following those steps was 95
+ 7% (n=4) and 97 + 5% (n=4), respectively.

The effect of the CaM inhibitors, trifluoperazine and calmidazolium, on
salamander cone photoreceptor Icicay was also tested by adding these drugs to the
superfusate (Fig. 3.10). Although both of these CaM inhibitors have been shown to
reduce Icycq) In pulmonary artery endothelial cells (Nilius et al., 1997a), these drugs
failed to modify Icyca) in salamander cone photoreceptors. Figure 3.10A demonstrates
unchanged current traces to a 0 mV depolarizing step before (solhid line) and after
trifluoperazine (dotted line) was added to the standard bath solution. Figure 3.10B and C
also demonstrate unchanged /-7 and Q-V relations obtained from the same cell in the
presence of trifluoperazine. Figure 3.10D illustrates the cumulative data of the current
remaining (expressed as a percentage of control) in the presence of both CaM inhibitors
trifluoperazine and calmidazolium. The peak current remaining measured during
depolarizing voltage steps and during repolarization following those steps was 99 + 20%
(n=5) and 106 + 15% (n=5), respectively, when superfusing trifluoperazine (5 uM). In
the presence of calmidazolium (10 pM), the peak current remaining during depolarization
was 92 + 6% (n=5) and 109 * 8% (n=5), measured at the tail. Icyca) was also unchanged
when 10 pM calmidazolium was added to the recording pipette solution (n=2; data not
shown). These results suggest that CaM may not have an significant role in the activation

of CI(Ca) channels in salamander cone photoreceptors. However, a number of Ca®'-
binding proteins are found in cone photoreceptors and the modulation of Cl(Ca) channels

via Ca**-binding proteins other than CaM can not be ruled out.
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Figure 3.10 CaM inhibitors, trifluoperazine and calmidazolium, had insignificant effects
on Igyca). Cone photoreceptors, held at -60 mV, were depolarized following the standard
depolarizing protocol under control conditions and in the presence of trifluoperazine (5
uM; n=5) and calmidazolium (10 uM; n=5). (A) Representative example of current
traces elicited by a 0 mV depolarizing voltage step in control conditions (solid line) and
in the presence of trifluoperazine (dotted line), showing no changes. (B) Leak-subtracted
I-V and (C) offset-subtracted Ca*'-activated CI' O-V relations from the same cone
showing no changes in the presence of trifluoperazine (white circles) compared to control
(black circles). (D) Summary of the average peak current remaining after trifluoperazine
and calmidazolium were added to the extracellular solution. In the presence of
trifluoperazine, the average peak current remaining was 99 + 20% (n=5), measured
during depolarizing voltage steps (Steps; black bar) and 106 + 15% (n=5), measured
during repolarization following those steps (Tails; white bar). Similar values were
obtained when superfusing with calmidazolium. The peak current remaining was 92 +
6% (n=5), measured during depolarizing voltage steps, and 109 + 8% (n=5), measured
during repolarization following those steps. For these experiments, the buffering system

consisted of 1 uM BAPTA and 0.1 mM CaCl,.
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Figure 3.10
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3.8 CI(Ca) channels are not vesicular CIC-3 channels

CIC-3 channels are possible candidates for the Cl(Ca) channels of interest in the
present study since CIC-3 antibodies label photoreceptors (Stobrawa et al., 2001). CIC-3
primarily resides in intracellular organelles, such as synaptic vesicles. Synaptic vesicle
docking is mediated by a complex between components of the synaptic vesicle membrane
(synaptobrevin and synaptotagmin) and the presynaptic plasma membrane (syntaxin and
SNAP-25) (Bennett and Scheller, 1994). Synaptobrevin has been shown to be present in
the other plexiform layer of the rat retina (Morgans, 2000). Since Ca®" is required for the
fusion of synaptic vesicles with the presynaptic plasma membrane, CIC-3 channels in
vesicles may fuse with the plasma membrane in response to Ca’* influx, giving rise to
increased whole-cell Cl conductance. Stobrawa et al. (2001) generated a CIC-3
knockout mouse, which showed selective postnatal degeneration of the hippocampus and
photoreceptors, and impaired acidification of synaptic vesicles, supporting the presence
of CIC-3 channels in photoreceptors and a role for intracellular CIC-3.

Since the molecular identity of Cl(Ca) channels has yet to be determined, the
present study tested the hypothesis that Cl(Ca) channels are vesicular CIC-3 channels that
are integrated with the plasma membrane upon Ca®" influx following depolarization. The
effect of a polyclonal antibody directed towards CIC-3 (anti-CIC-3) on Icyce) In
salamander cone photoreceptors was examined by including the antibody in the recording
pipette solution. Current traces in response to the standard depolarizing protocol were
recorded at ~5 min following rupture of the whole-cell patch, and up to 15 min later to
ensure thorough diffusion of the antibody into the cell interior. CIC-3 antibodies have

been shown to completely inhibit the expressed CIC-3 current as well as its outwardly
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rectifying anion conductance in a variety of cell types (Duan et al, 2001).
Electrophysiological properties of Icicay when anti-CIC-3 antibodies were added to the
pipette solution were not different from control recordings (Fig. 3.11). Figures 3.11A
and B show similar family of current traces ~5 min and ~10 min after dialysis with anti-
CIC-3 added to the intracellular solution. The corresponding /-¥ and Ca**-activated CI
Q-V relations are shown in Figure 3.11C and Figure 3.11D, respectively. Similar results

were obtained from four other cones. The peak current remaining was 103 * 2% (n=5),

measured during depolarizing voltage steps, and 101 + 6% (n=5), measured during
repolarization following those steps. The results of this study also indicate that CIC-3
does not contribute to whole-cell CI(Ca) channel currents in salamander cone
photoreceptors.

To further examine whether Cl(Ca) conductances are due to another Cl channel
that fused with the cell membrane during Ca*" dependent vesicle docking, tetanus toxin
was tested. Tetanus toxin, a neurotoxin produced by bacteria of the genus Clostridium, is
a potent inhibitor of neurotransmitter release (Schiavo et al., 1994). This toxin functions
as an endoprotease that selectively targets synaptobrevin for cleavage, inhibiting vesicle
docking and fusion. Tetanus toxin was tested in a similar fashion than anti-CIC-3, as it
was also included in the pipette solution. Tetanus toxin, introduced to the pipette
solution, generated normal Ca**-activated CI' tail currents following the standard
depolarizing protocol up to ~15 min post-rupture (Fig. 3.12). The peak current remaining

was 107 £ 11% (n=5), measured during depolarizing voltage steps, and 110 + 6% (n=5),
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Figure 3.11 Cl(Ca) channels responsible for Icyca) are not vesicular CIC-3 channels that
integrate with the plasma membrane upon Ca*" influx. Adding anti-CIC-3 (1:100; n=5)
to the recording pipette solution did not modify Icyca). (A) A family of current traces ~5
min and (B) ~10 min following rupture of the whole-cell patch in the presence of anti-
CLC-3 in the pipette solution are similar. (C) Leak-subtracted /I-V and (D) offset-
subtracted Ca”"-activated CI” Q- relations from the same cell also show no significant

changes in current (~5 min: black circles; ~10 min: white circles).
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Figure 3.11

A CIC-3 in pipette solution: ~5 min

60 mV

B CIC-3 in pipette solution: ~10 min

60 mV

—

200- <Q[_ —O— ~10 min

p—

20 {cf

-400/

—@— ~5 min

113

20 0 20 40 60



Figure 3.12 Blocking vesicle docking with Tetanus toxin did not modulate Icyca).
Adding Tetanus toxin (TeTox 4 uM; n=5) to the recording pipette solution did not alter
Icica)- (A) Current traces in response to the standard depolarizing protocol are similar ~5
min and (B) ~10 min post-rupture. (C) Constructed I-¥ (leak-subtracted) and (D) Ca*'-
activated CI' Q-V (offset-subtracted) relations from the same cell in the presence of
Tetanus toxin show no significant changes ~5 min (black circles) vs. ~10 min (white

circles) following rupture of the whole-cell patch.
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measured during repolarization following those steps. Figures 3.12A and B show similar
current traces obtained ~5 min vs. ~10 min following rupture of the whole-cell patch in
the presence of 4 uM tetanus toxin. The constructed /-¥ and Ca**-activated Q-V relations
from this cell is shown in Figure 3.12C and D, respectively. The Ca’*-activated CI  tail
current integral, measured up to 20 min after membrane rupture was also unchanged
(mean charge remaining of 106 + 8%; n=5). This suggests that the I¢yca) conductance is

not generated by a Cl channel localized to the synaptic vesicle membrane.

39 Summary

To summarize, Ca**-activated CI” currents (Iciea) are elicited by depolarizing
steps known to open voltage-gated Ca channels in cone photoreceptors. The decaying
Ca’*-activated CI” tail currents exhibit several features characteristic of a saturated
exponential, namely, adherence to a single exponential function when the amplitude is
low and deviance from that exponential when the amplitude is high. The saturated
exponential function fit suggests that Ca*'-activated CI’ tail currents are saturated by Ca*"
jons at the submembrane level and deactivate as the submembrane [Ca®*}; level decreases
due to Ca*" buffering and one-dimensional diffusion from the plasma mémbrane.
Increasing free [Ca®*]; is likely to activate more Cl(Ca) channels, and contribute to larger
Icicca), provided there are available ClI(Ca) channels to be activated. Salamander cone
photoreceptors lcyca) were larger in amplitude and deactivated at a slower rate when
dialyzed with a weak buffered pipette solution.

Sustained CI(Ca) channel activation could be achieved following the superfusion

of the Ca** ionophore ionomycin, but not with calcimycin, which had no effect on Icica)
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Ionomycin elicited a conductance characterized by an I-V relation displaying outward
rectification. A similar /-V relation was elicited with a repeated strong depolarization
protocol that included a 0 mV prepulse. Therefore, this protocol presumably increased
intracellular Ca®" levels and allowed persistent activation of Cl(Ca) channels, thereby
demonstrating a characteristic outward rectification of the channel.

The dependence of Icyca) on submembrane [Ca®"); can be readily demonstrated by
replacing Ca®" ions with Ba?' in the extracellular solution. Ba** is commonly used as a
charge carrier through voltage-gated Ca channels. It increased the Ca channel
conductance but inhibited Icica. The present data are consistent with results obtained
from a number of studies, which have reported that Ba®* is incffective in inducing Ca®'-
activated CI tail currents in neurons (Owen et al., 1986; Bader et al., 1987; Korn and
Weight, 1987; Johansen and Kleinhaus, 1988; Maricq and Korenbrot, 1988; Rogawski et
al., 1988; Akasu et al., 1990; McBride and Roper, 1991; Taylor and Roper, 1994; Okada
et al., 1995; Taylor and Morgans, 1998). While it is likely that Ba®* jons do not activate
CI(Ca) channels, other explanations may account for the inhibited Ca**-activated CI tail
current. Ba?" ions could be activating C1(Ca) channels, but the diffusion of Ba’" from the
submembrane area may be faster than that of Ca®*, which may account for the lack of tail
currents. Further evidence suggesting activation of Icica) by submembrane [Ca®'}; comes
from experiments using the L-type Ca channel agonist BayK, where an increase in Icyca)
was observed. These results suggest that Cl(Ca) channels in salamander cone
photoreceptors may be co-localized with voltage-gated Ca channels at the plasma

membrane.
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Salamander cone Icicay was inhibited by the Cl channel blocker NPPB. In
addition to blocking Cl(Ca) channels, a modest voltage-gated Ca channel current
inhibition was also observed. Finding a selective CI(Ca) channel blocker that will
discriminate between Icyca) and Ica is essential to evaluate the role of Icyca) in neurons. In
light of the unexpected inhibition of Ca channel current by NPPB, the present study
suggests that the effect of NPPB on I¢yca), should be carefully interpreted.

The molecular identity of Cl(Ca) channels in cone photoreceptors is unknown.
Although [Ca2+]i is required for Icyca) to be elicited, the mechanism by which Ca®" ions
are responsible for the activation of CI(Ca) channels is also unknown. The [Ca®'];
buffering mechanisms in neurons include a variety of Ca**-binding proteins, such as
calmodulin. Calmodulin and calmodulin antagonists, calmidazolium and trifluoperazine,
did not modulate Icyca) in cones, suggesting that these molecules may not play a role in
Icica) activation. Cl(Ca) channels may possibly be directly gated by Ca®* ions, but
interactions from other Ca*'-binding proteins or Ca®" regulated protein kinases may be
involved. The present study also investigated the possibility that Icyca) is generated by a
Cl channel located in synaptic vesicular membranes. Anti-CIC-3 and Tetanus toxin were
used to confirm that Icycs) is not elicited by a Cl channel (i.e. CIC-3) located in the
synaptic vesicular membrane that integrates with the plasma membrane following Ca**

entry.
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Chapter 4

Role of Ca’* Released from Ca’" Stores in Gating

Salamander Cone Photoreceptor Cl(Ca) Channels

Parts of this chapter have been previously published in the following publications:

Lalonde MR, Barnes S. 2003. Contribution of Calcium Stores to Activation of Chloride
Current in Cone Photoreceptors. Society for Neuroscience, E-Abstract 791.18.

Lalonde MR, Barnes S. 2004. Inhibition of Cl(Ca) Channels in Response to High
Intracellular Calcium Levels Due to Dephosphorylation-Mediated Ca channel Inhibition
in Cone Photoreceptors. Society for Neuroscience, E-Abstract 65.12.

Parts of this chapter are submitted to be in the following publication:

Lalonde MR, Barnes S. 2004. Contribution of Calcium Stores to Activation of Calcium-
Activated Chloride Currents in Cone Photoreceptors. European Journal of Neuroscience.
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The results from the previous chapter suggest that Ca*t entry through voltage-
gated Ca channels activates Icyca) in salamander cone photoreceptors. Depolarization-
evoked Ca®" influx likely increases submembrane Ca®* microdomains to activate C1(Ca)
channels. The present chapter investigates if Ca®' stores also contribute to Icica)
activation. In cone photoreceptors, [Ca*'}; is regulated via release and sequestration from
Ca®" stores, which are located mainly in the endoplasmic reticulum (ER). Whereas Ca**
is mainly extruded from the cone inner segment via plasma membrane Ca**-ATPases
(PMCAs), sequestration into ER Ca®* stores is achieved via the sarcoplasmic/
endoplasmic reticulum Ca?*-ATPase (SERCA) pumps. Two different intracellular Ca®*
store release-channels exist: 1Ps- and Ry-gated channels. The contribution of Ca®* stores
to Icica) activation was investigated by blocking Ca”*-reuptake via SERCA pumps and by
testing IP;R and RyR-modulating agents. The effect of the PMCA blocking agent,
lanthanum, on Iy, Was also tested. Finally, the effect of repetitive depolarizing pulses,
a protocol previously suggested to cause localized accumulation of Ca®" at the
photoreceptor terminal (Barnes and Hille, 1989), was investigated in control conditions

and in the presence of the RyR agonist, caffeine.

4.1 Blocking Ca’*-reuptake mechanisms into Ca’" stores does not modulate
Laica)

SERCA pumps are responsible for Ca®*-reuptake within intracellular Ca®* stores
(see review by MacLennan et al., 1997). A dynamic state that balances Ca**-reuptake via
the SERCA pumps and constant passive Ca’" leak from intracellular Ca®" stores exists
(‘pump-leak’ concept). Although the mechanism responsible for the Ca** leak from

intracellular Ca”* stores is still unknown, SERCAs must continuously pump Ca’* to
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oppose this Ca>* permeability at the ER membrane. Cyclopiazonic acid and thapsigargin
are two of the most commonly used compounds that have inhibitory actions on SERCA
pumps in part due to their high membrane permeability and efficient cell penetration
(Inesi and Sagara, 1992). Cyclopiazonic acid and thapsigargin-sensitive SERCA pumps
have been shown to be located at Ca** store compartments, including IPs-sensitive Ca*
stores, of both muscle cells and neurons (Verma et al., 1990; Bian et al.,, 1991). By
inhibiting SERCA pumps, these two structurally unrelated compounds have been
demonstrated to increase Ca’" concentration levels within cells, including rod
photoreceptors (Krizaj et al., 2003).

Cyclopiazonic acid, a mycotoxin produced by certain species of the common
fungal genera Aspergillus and Penicillium, was used in the present study to investigate
the extent to which Ca®' stores participate in Icica) activation. Cyclopiazonic acid is an
inhibitor of the Ca*'-activated ATPase activity of the Ca®" pump (Goeger and Riley,
1989). The specific mechanism of action of this compound appears to be a reversible
competitive inhibition of ATP binding to the SERCA pumps (Seidler et al., 1989).
SERCA pump inhibition by cyclopiazonic acid seems to be specific as no inhibition of
the Na'/K'-ATPase, H'/K'-ATPase, mitochondrial ATPase or PMCAs have been
reported (Seidler et al., 1989). However, the passive Ca®" efflux from the ER has also
been reported to be inhibited by this compound (Missiaen et al.,, 1992). Complete
inhibition of ER SERCAs can be achieved with 1-2 pM cyclopiazonic acid (half-
maximal inhibitory concentration (ICsq) is ~300-500 nM). In the present study, 5 uM
cyclopiazonic acid failed to modify the amplitude and kinetics of Ca**-activated CI tail

currents in all cone photoreceptors tested (n=4). In the presence of cyclopiazonic acid
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(~4 min superfusion), the peak current remaining was 107 = 16% (n=4), measured during
depolarizing voltage steps, and 99 + 3% (n=4), measured during repolarization following
those steps. A representative example of the time course of current remaining (Fig. 4.1A)
and current traces (Fig. 4.1B) from the same cone demonstrate unmodified Icyca) in the
presence of cyclopiazonic acid.

Thapsigargin, a sesquiterpene lactone extract isolated from the umbelliferous
plant, Thapsia garganica, was also used to investigate the contribution of Ca®* stores to
Icicca) activation. Thapsigargin has no detectable action on any other ion-motive ATPase,
including PMCAs. It offers specific and potent inhibition by tightly interacting with the
ER SERCA, yielding a 1:1 stoichiometric complex referred to as a ‘dead end complex’
(Thastrup et al., 1990; Sagara et al., 1992). This irreversible interaction is thought to
cause the global disruption of the SERCA structure and activity by specifically stabilizing
the enzyme in the E2 state, a structural conformation characterized by a greatly
diminished Ca®' sensitivity (Wictome et al., 1992). The recognition site at which
thapsigargin interacts is unknown. However, in addition to inhibiting steady state
enzyme activity, thapsigargin has been shown to inhibit Ca®" binding and
phosphorylation (two individual partial reactions of the ATPase cycle), which occur at
domains relatively distant from each other in the protein structure (Inesi and Sagara,
1992). This indicates that the perturbation caused by the binding of this compound
involves the entire enzyme. Thapsigargin has the highest potency of all known SERCA
inhibitors, blocking these pumps with an ICsy of 10-20 nM (Lytton et al., 1991). A

concentration as low as 100 nM is usually sufficient to completely inhibit the ER SERCA
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Figure 4.1 Inhibiting Ca**-reuptake into Ca*' stores via SERCA pump blockade using
cyclopiazonic acid and thapsigargin did not modulate Icic.. Cone photoreceptor whole-
cell currents were elicited with -20 mV pulses from a holding potential of -60 mV in
control conditions and during superfusion of cyclopiazonic acid (5 puM; n=4) and
thapsigargin (1 pM; n=7). (A) Representative example of the time course of current
remaining (expressed as a percentage of control), showing that cyclopiazonic acid (CPA;
indicated by the horizontal bar) had no effect on the current measured during
depolarizing voltage steps (Steps; black circles) and associated Ca**-activated CI tails
(Tails; white circles). (B) Current traces from the same cone recorded in control
conditions (Control; solid line) and in the presence of cyclopiazonic acid (CPA; dotted
line) are similar. (C) Representative example of the time course of current remaining
(expressed as a percentage of control) measured during steps to -20 mV (Steps; black
circles) and during repolarization following those steps (Tails; white circles), recorded at
-60 mV. No significant changes were observed in the presence of thapsigargin (TG;
indicated by the horizontal bar). (D) Current traces from the same cone in control
conditions (Control; solid line) and in the presence of thapsigargin (TG; dotted line) are

similar.

123



A
~160;
X
; CPA
= 1204 E—
o
o LCRe m{)
¥ 801
()]
£
£ 40;
g —@—Steps
o 0 —O—Tails
- 0 4 8 12
Time (min)
1201 TG

N
2

| remaining at -20 mV (%) ©
oy
o

Q@& :
S CRTTRAD

—@—Steps
—O—Tails

(=)

3 5 7 9

Time {min)

Figure 4.1

—— Control

<

Q.

o)

o

N

200 ms

D
20 mV
60 mV
Wl o e eee e

124



pumps; however, 1 uM is frequently used to ensure maximal Ca’*-reuptake inhibition.
Similar to cyclopiazonic acid, inhibiting Ca*'-reuptake into stores using thapsigargin (1
uM) did not modulate Icycs) in any of the cone photoreceptor tested (n=7).
A representative example from a cone photoreceptor demonstrates that thapsigargin does
not produce any significant change in the time course of current remaining (Fig. 4.1C)
and current traces (Fig. 4.1D). In the presence of thapsigargin (~4 min of superfusion),
the peak current remaining was 93 * 3% (n=7), measured during depolarizing voltage
steps, and 100 = 3% (n=7), measured during repolarization following those steps. These
results suggest that inhibiting Ca®'-reuptake into Ca**-stores does not contribute to an
increase in submembrane Ca’' levels in isolated salamander cone photoreceptors.
Effective pathways for the clearance of high [Ca®']; when SERCAs are blocked may exist
in these cells. These findings therefore do not support a role for stores in Cl(Ca) channel
gating and instead are consistent with a closer link between Cl(Ca) channels and voltage-

gated Ca channels at the plasma membrane.

4.2 IP;-sensitive Ca’* stores do not generally contribute to Cl(Ca) channel
activation

Endogenous IP3, produced by the activation of phospholipase C (PLC), acts at IP3
receptors to release Ca*' from intracellular stores. Peng et al. (1991) have demonstrated
localization of the IP; receptor (IPsR) exclusively at synaptic terminals of cone
photoreceptor of vertebrates, including salamander. Stella et al. (2003) have also
suggested the localization of IP;Rs within terminals of photoreceptors and bipolar cells,
specifically at ribbon synapses in the mammalian retina. In the present study, Icica) in

cone photoreceptors was generally (five out of six recordings) unmodified by IP; (100
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pM) introduced in the recording pipette solution (Fig. 4.2). Only one recording from a
cone photoreceptor showed significant modulation in the presence of IP; (see Appendix
2). Recordings obtained in response to the standard depolarizing protocol, taken ~5 min
following rupture of the whole-cell patch to ensure thorough diffusion of IP; in the
pipette solution, were compared to recordings obtained ~15 min (up to ~28 min) post-
rupture (Fig. 4.2). The peak current remaining measured during depolarizing voltage
steps was 95 + 4% (n=5); whereas the peak Ca’"-activated CI” tail current was 107 + 8%
(n=5). Current recorded immediately after and up to 5 min following rupture of the
whole-cell patch in the presence of IP; in the pipette solution also did not differ from
control recordings (when IP; was omitted from the pipette solution; data not shown;
n=4). Figures 4.2A and B demonstrate a representative family of current records in the
presence of IP3 at ~5 min and ~15 min following rupture. Leak-corrected I-V (Fig. 4.2C)
and Ca”"-activated Q-¥ relations (Fig. 4.2D) from the same isolated cone photoreceptor
are of normal appearance.

Ca*"-activated ClI” conductances have been evoked by IPs in guinea-pig isolated
hepatocytes (Ogden et al., 1990). However, the use of IP; to release Ca®" from stores has
generally been unsuccessful even at high (100 pM) intracellular concentrations (Currie et
al., 1992). Several possibilities may account for the lack of change in Icyca). A possible
explanation is that only modest Ca®" release arises from IPs-sensitive Ca* stores. For
example, IPs-sensitive stores have been found to release as little as 110 nM Ca*" in DRG
neurons, as directly assessed using the Ca**-sensitive dye fura-2 (Thayer et al., 1988a).
In addition, a low responsiveness to IP3 was also shown in cerebellar Purkinje neurons,

hippocampal neurons, and striatal neurons (Khodakhah and Ogden, 1993). Another
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Figure 4.2 Icica) Was insensitive to Ca’'-release from {P;-sensitive Ca®" stores (n=5).
(A) A family of current traces ~5 min and (B) ~15 min following rupture of the whole-
cell patch in the presence of 100 uM IP; added in the recording pipette solution. Current
traces elicited with the standard depolarizing protocol are similar. (C) Leak-subtracted /-
V and (D) offset-subtracted Ca®-activated O-V relations from the same cone ~5 min

(black circles) and ~15 min (white circles) post-rupture, demonstrating that IP; did not

modulate Icicay-

127



Figure 4.2
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possible explanation for unchanged Icyca) in the presence of IP; is that the IP;-sensitive
Ca®’ stores are spatially distant from CI(Ca) channels at the membrane. Although IPsRs
have been shown to be located at synaptic terminal regions, the ER of salamander cones
is mainly localized at the subellipsoid region; and therefore, Ca®" release from IPs-
sensitive stores may not contribute to submembrane [Ca*'}; levels. It secems likely that
CI(Ca) channels are unaffected by the Ca®" released from the stores due to their distance
from the site of release coupled with rapid Ca®" buffering, extrusion via PMCAs and/or
sequestration. Other explanations, such as insufficient amount of Ca’* stored, could also

explain the lack of Icyca) modulation with IPs.

43  Ryanodine-sensitive Ca’" stores do not contribute to Icics) activation

The second family of intracellular Ca**-release channels, the ryanodine receptors
(RyRs), is associated with Ca**-induced Ca*"-release (CICR) in neurons. Depending on
its concentration, the plant alkaloid ryanodine has differential effects when binding to its
putative target located in the ER membrane. Whereas low concentrations activate Ca*"
release from ryanodine-sensitive Ca®" stores by locking the channel in a low conductance
opened state (Sutko et al., 1985; Smith et al., 1988), high ryanodine concentrations (10
pM) inhibit channel opening (Lattanzio et al., 1987; Hille, 2001). The increase in [Ca®™);,
following depolarization-evoked Ca** influx may stimulate CICR from ryanodine-
sensitive stores. In order to investigate if ryanodine-sensitive Ca’* stores were
continuously contributing to Icics activation, 10 pM ryanodine, a concentration

commonly used to block Ca®* release from ryanodine-sensitive Ca’* stores (Ivanenko et
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al., 1993; Alonso et al., 1999; Collier et al., 2000), was added to the standard bath
solution to block CICR.

Ryanodine-sensitive intracellular Ca>" release channels are also putative targets
for modulation by caffeine. The present study investigated the effect of caffeine on Icica)
in cones to see if Ca’" released from ryanodine-sensitive Ca’* stores contributes to
submembrane [Ca’'};. Caffeine potentiates CICR by reducing the threshold for Ca®'-
induced activation of the ryanodine receptor. Unlike Ca®" release from IP;-sensitive
stores, caffeine-induced Ca®* transients have been observed in a variety of neuronal
preparations (Lipscombe et al., 1988; Brorson et al., 1991; Marrion and Adams, 1992;
Mironov et al., 1993). The activation of Icyca) by caffeine has been demonstrated in rat
dorsal root ganglia (Currie and Scott, 1992). In addition, an increase in Icyca) seen in the

presence of caffeine in avian sensory neurons was shown to be blocked by ryanodine

(Ivanenko et al., 1993).

43.1 The source of Ca®* for Icyca activation during depolarization is not
ryanodine-sensitive

Although the presence of ryanodine receptors in photoreceptor inner segments
and synaptic terminals has recently been identified via immunofluorescence (Krizaj et al.,
2003), ryanodine did not modify Icyca) in cone photoreceptors under the conditions used
in this study (Fig. 4.3). In the presence of ryanodine, a reduction of depolarization-
activated Icyca) would be expected if increased [Ca2+]i, following Ca?" influx via voltage-
gated Ca channels, was amplified by Ca’'-induced Ca’'-release. ~Following the

application of ryanodine, the average remaining peak current was 109 + 6% (n=7),

130



Figure 4.3 CICR from ryanodine-sensitive stores does not contribute to depolarization-
evoked Icyca) activation since ryanodine (Ry; 10 pM; n=7) had little effect on Icyca). (A)
Current traces from a cone photoreceptor in response to a 0 mV depolarizing voltage step
from a holding potential of -60 mV in the presence of ryanodine (Ry; dotted line) were
similar to those of control recordings (Control; solid line). (B) Leak-subtracted I-V and
(C) offset-subtracted Ca*"-activated CI" Q-V relations from the same cone were
unchanged during ryanodine superfusion (Control: black circles; Ry: white circles). (D)
Summary of the average peak current remaining measured during depolarizing voltage
steps and during repolarization following those steps. Differences between peak current

recorded in control conditions and in the presence of ryanodine were non-significant.
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Figure 4.3
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measured during depolarizing voltage steps, and 104 £ 7% (n=7), measured during
repolarization following those steps (Fig. 4.3D). Figure 4.3A shows a representative
example of current records elicited by a 0 mV voltage-clamp step from a holding
potential of -60 mV, demonstrating unchanged Icyc,) in the presence of ryanodine. The
leak-corrected /-V relation (Fig. 4.3B), and Ca**-activated CI" Q- relations (Fig. 4.3C)
from the same cone photoreceptors are the same before and during ryanodine application.
These results suggest that ryanodine does not have any direct action on CI(Ca) channels,
and demonstrate that ryanodine-sensitive stores do not constitutively contribute to the
activation of Ca**-activated CI tail currents in cone photoreceptors. Similar to the results
obtained from the present study, the amplitude of Ca**-activated CI  tail currents were not
attenuated by ryanodine in avian sensory neurons (Ivanenko et al., 1993). The magnitude
of depolarization-evoked Icyca) in isolated salamander cone photoreceptors was not
affected by ryanodine, implying that the Ca®* that activates CI(Ca) channels in this
protocol is supplied by the Ca®" current through voltage-gated Ca channels without
amplification by a ryanodine-sensitive mechanism, such as CICR. These results are
therefore consistent with the idea that Ca** release from ryanodine-sensitive stores do not
contribute to submembrane [Ca®']; levels. However, other explanations, such as unfilled

Ca®" stores, cannot be ruled out.
4.3.2 Caffeine has no effect on Icyc,) elicited by the standard depolarizing protocol

Caffeine has a low potency and must be used at millimolar concentrations. At 1

mM, caffeine had no effect on the fast I¢yca) kinetics in cone photoreceptors, even in the
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Figure 4.4 Superfusion of caffeine (1 mM; n=4, 10 mM; n=5) does not modulate Icyca),
suggesting that Ca®' release from caffeine-sensitive Ca>* stores does not contribute to
Cl(Ca) channel activation in cone photoreceptors. (A) Current traces elicited by a -10
mV depolarizing voltage step from a holding potential of -60 mV in control conditions
(Control; solid line) and in the presence of 1 mM caffeine (CAF; dotted line) are similar.
(B) Leak-subtracted I-V and (C) offset-subtracted Ca®'-activated CI" Q-V relations from
the same cone before (Control; black circles) and during caffeine superfusion (CAF;
white circles), showing no change in current. (D) Summary of the peak current
remaining (expressed as a percentage of control) measured during depolarizing voltage
steps (Steps; grey bars) and during repolarization following those steps (Tails; black bars)
in the presence of both 1 mM and 10 mM caffeine. No significant differences between
recordings in control conditions and in the presence of caffeine were observed.
Intracellular solution was prepared with a low buffering system (0.1 mM CaCl; and 0.001

mM BAPTA).
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Figure 4.4
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presence of a low-capacity buffering system (1 uM BAPTA and 0.1 mM CaCly) (Fig.
4.4). These results therefore suggest that caffeine-sensitive Ca®" stores do not contribute
to submembrane Ca>" levels. In the presence of 1 mM caffeine, the mean peak current
remaining measured during depolarizing steps was 100 + 5% (n=4), and during Ca*'-
activated CI tails was 98 + 3% (n=4). The effect of caffeine-sensitive stores on Icycay
was also tested using 10 mM caffeine. At this high caffeine concentration, Icica) also
remained unchanged. The average peak current remaining was 87 £ 7% (n=5), measured
at depolarizing voltage steps, and 106 £ 14% (n=5), measured during repolarization
following those steps (Fig. 4.4D). This again raises the possibility that Ca®" release from
stores does not contribute to submembrane Ca*" levels, which is known to activate Icyca).
Although the amount of Ca®* held in caffeine-sensitive stores is unknown, the physical
separation between Ca®’ stores in the ER and CI(Ca) channels at the plasma membrane
may be the basis for the lack of Icica modulation. This negative finding is consistent
with a model where Cl(Ca) channels are co-localized with high voltage-activated Ca
channels at the plasma membrane, away from Ca®" stores. Previous studies have reported
that caffeine activates ryanodine sensitive Ca’-release channels in salamander rod but
not cone photoreceptors (Krizaj et al., 1999; Krizaj et al., 2003). Krizaj et al. (2003)
concluded that the release of Ca’" from caffeine-sensitive Ca®* stores in cone
photoreceptors was masked by the highly active PMCAs that are responsible for Ca**

extrusion at the inner segments.
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4.4  Inhibition of I¢yca by lanthanum (La®")

Lanthanum (La®") is a high-affinity inhibitor of the plasma membrane Ca*'-
ATPase (PMCA) transport system in a variety of cells. This inorganic compound is
thought to effectively inhibit PMCAs by hindering the conformational change of the
enzyme following phosphorylation (Herscher and Rega, 1996). Extrusion of released
Ca®" by PMCAs has been proposed to be relatively rapid in cone photoreceptors, so fast
in fact that it masks caffeine-induced Ca®' release from Ca*" stores (Krizaj and
Copenhagen, 1998; Krizaj et al., 2003). Caffeine-sensitive stores in cone photoreceptor
inner segments do produce increases in [Ca®*]; when PMCA-dependent Ca** extrusion is
blocked with La®>" (Krizaj et al., 2003). In spite of the evidence that La®" increases [Ca”™"];
in cones, in the present study, inhibiting Ca®" extrusion via the PMCAs with La’" did not
produce an increase in Icycs. Although an increase in [Caz+]i in the presence of La*t
cannot be ruled out (see Krizaj and Copenhagen, 1998), Ca®" levels within submembrane
microdomains sufficient to activate Cl(Ca) channels were not achieved. In contrast, the
results are more consistent with a reduction in submembrane [Ca®*]; with the application
of La*" in cone photoreceptors because Icyca) Was irreversibly abolished in all cells tested
(n=5; Fig. 4.5). La’" significantly (P<0.01) inhibited the current induced at a test
potential of -20 mV by 98 + 2% (n=5) and the corresponding Ca**-activated CI  tails by
96 + 3% (n=5). La** is also known to block voltage-gated Ca channels. In the present
study, La*" produced the complete inhibition of Icyca) in a similar fashion to the effect of
the widely used voltage-gated Ca channel blocker Cd”" (data not shown; also see Barnes

and Hille, 1989). In isolated salamander cone photoreceptors, the rapid inhibition of Ic,
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Figure 4.5 The PMCA and Ca channel antagonist, lanthanum (La’"; 1 mM; n=5),
inhibits Icycay without immediate recovery. (A) Time course of current remaining
(expressed as a percentage of control) measured during depolarizing voltage steps to -20
mV (Steps; black circles) and associated Ca*"-activated CI tails (Tails; white circles),
recorded at -60 mV. Fast and irreversible inhibition was observed in the presence of
La*", which was added to the standard bath solution. (B) Leak-subtracted current traces
from the same cone () before, (2) during inhibition, and (3) after complete La’*-induced
inhibition of the current. (C) I-V rclations (not leak-subtracted) from the same cone
measured during depolarizing voltage steps before (Control; black circles) and after La*'-

induced inhibition of the current (La®"; white circles).
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and Icyca) by La** suggests a direct Cl(Ca) and/or Ca channel blockade, which would
reduce submembrane [Ca®*}; during voltage steps. Figure 4.5A shows a representative
example of the time course of current remaining measured during pulses to -20 mV from
a holding potential of -60 mV (Steps) and from corresponding Ca**-activated CI tails
(Tails) throughout the application of bath-applied La®*. The corresponding current traces
for the same cone before, during, and following complete inhibition of the current are
demonstrated in Figure 4.5B. In the presence of La’’, the current measured during
depolarizing voltage steps and during repolarization following those steps were reduced
and subsequently abolished within a minute of La®>" application. These data suggest that
La*" may have blocked submembrane Ca** microdomains. The I-V relation, constructed
from the current measured during depolarizing voltage steps elicited with the standard
depolarizing protocol before (Control) and in the presence La’*, demonstrates the
inhibited inward current (Fig. 4.5C). An alternate explanation for the inhibition of Ic,
and Icycy in the presence of La’* is ‘high-[Ca®*}i-induced inhibition’, described in the

next chapter.

4.5 Icycay is significantly increased by repeated depolarizing pulses in the
presence of caffeine

Previous experiments have shown that Ca®* store modulating agents do not alter
Icica). The contribution of Caz+, blocked from reuptake into Ca”* stores or released from
Ca®" stores, to submembrane [Ca®*}; may be insufficient to increase Ici(ca), possibly due to
fast Ca®" buffering by Ca’*-binding proteins and/or fast elimination through PMCAs.
Test pulses applied several times in succession have previously been shown to cause a

cumulative increase in Icyca) (Barnes and Hille, 1989). These repetitive pulses were
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suggested to cause localized accumulation of submembrane [Caz+]i, overloading
intracellular sequestering mechanisms. The present study investigated the effect of
repetitive depolarizations on I¢yca) in the absence and presence of caffeine. The protocol
used consisted of 100 ms steps from -60 mV to -20 mV repeated every S sec. In control
conditions, Icyca) was enhanced by repetitive depolarizing pulses (Fig. 4.6), probably due
to localized [Ca®'}; accumulation within the cell (Barnes and Hille, 1989). The peak
current increase was 15 + 5% (n=4), measured at the -20 mV depolarizing step, and 12 £
4% (n=4), measured at the corresponding Ca**-activated CI tail current. In the presence
of 3 mM caffeine, the increase in Icyca elicited by repetitive depolarizing pulses was
significantly (P<0.05) enhanced. A 52 + 20% (n=4) increase was measured during
depolarizing voltage steps and a 44 £ 11% (n=4) enhancement was observed during
repolarization of those steps (Fig. 4.6). The current increase elicited by repetitive
depolarizing pulses was also enhanced in the presence of 10 mM caffeine (Steps: 26 +
18%; Tails: 35 + 9%; n=3); however, significance level was not achieved. A
representative example of current enhancement following repetitive depolarizing pulses
(-20 mV steps from a holding potential of -60 mV repeated at 5 sec intervals) in the
absence of caffeine is shown in Figure 4.7A. The corresponding current traces from the
same cone photoreceptor demonstrate the baseline current (elicited by the first pulse;
Baseline Control) and the current at the peak of the increase (Peak Control) (Fig. 4.7C).
Figure 4.7B demonstrates an example where a large current enhancement, elicited by
repetitive depolarizing pulses in the presence of 3 mM caffeine, was seen. Current traces

from the same cone photoreceptor, measured from baseline (Baseline CAF) and from the
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Figure 4.6 The increase in Icyca) induced by repetitive depolarizing pulses was enhanced
in the presence of caffeine (3 mM and 10 mM). The bar graph summarizes the effect of -
20 mV depolarizing voltage steps from a holding potential of -60 mV at 5 sec intervals,
in the absence of caffeine (Control; n=4), and in the presence of 3 mM caffeine (CAF;
n=4) as well as 10 mM caffeine (n=3). The peak current increase following 5 sec pulses
was measured during depolarizing voltage steps (Steps; black bars) and during
repolarization following those steps (Tails; white bars), recorded at -60 mV. The values
correspond to 15 + 5% (n=4) and 12 + 4% (n=4) in control conditions, to 52 + 20% (n=4)
and 44 = 11% (n=4) in the presence of 3 mM caffeine, and to 26 + 18% (n=3) and 35 +

9% (n=3) in the presence of 10 mM caffeine. *P<0.05.
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Figure 4.7 Example of current increase elicited by repetitive depolarizing pulses in
control conditions and in the presence of 3 mM caffeine. (A) Time course of current
increase, measured during -20 mV depolarizing voltage steps (Steps; black circles) and
during repolarization following those steps (Tails; white circles), in response to pulses
repeated every 5 sec. (B) Repetitive depolarization-induced current enhancement in
control conditions was increased in the presence of caffeine (CAF; 3 mM). Both the
current measured during depolarizing voltage steps (Steps; black circles) and associated
Ca’'-activated CI tails (Tails; white circles), were increased. (C) Current traces at
baseline (solid line) and following depolarizing pulses at 5 sec intervals (dotted line) are
shown in control conditions (in the absence of caffeine) and (D) in the presence of 3 mM
caffeine. An increase in the current elicited by depolarizing voltage steps and by

repolarization is seen.
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peak increase in the presence of caffeine (Peak CAF), indicate current enhancement (Fig.
4.7D). These results suggest that Ca®* buffering and/or sequestration may be impaired
during repeated depolarizations in the presence of caffeine, allowing [Ca®']; accumulation

near the plasma membrane.

4.6 Summary

Ca®* influx through voltage-gated Ca channels following membrane
depolarization is known to produce Ca®’-induced Ca®'-release (CICR) from ryanodine-
sensitive channels. In the present study, Icica elicited by depolarizing voltage steps
remained unchanged in the presence of ryanodine, at a concentration known to block the
ryanodine receptor. These results suggest that the source of Ca®" for Icica) elicited during
depolarization is not from ryanodine-sensitive Ca*" stores. In addition, blocking the
SERCA pumps, responsible for Ca*" sequestration into internal stores, and inducing Ca®*
release from IP; and ryanodine receptor-gated channels did not modulate Icyca). Taken
together, the results suggest that Ca®* stores do not contribute to submembrane [Ca®']; to
activate Icyca. From Chapter 3, it is clear that Cl(Ca) channels are activated by Ca**
influx through voltage-gated Ca®* channels. Therefore, CI(Ca) channels and voltage-
gated Ca channels may be closely associated at the plasma membrane, away from Ca**
stores. As previously mentioned, the ER has been localized mainly to the subellipsoid
region of cone photoreceptors, and not to the synaptic terminal, where voltage-gated Ca
channels are located (Mercurio and Holtzmann, 1982; Townes-Anderson et al., 1985;
Ripps and Chappell, 1991). In addition, Ward and Kenyon (2000) have proposed that

ryanodine-sensitive stores are relatively distant from the Cl(Ca) channels in avian sensory
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neurons. Using a modeling system, they have concluded that the Cl{(Ca) channels are
approximately 50-400 nm from the voltage-gated Ca channels, and that the ryanodine
receptors are more than 600 nm from the plasma membrane. Therefore, the fact that an
increase in Icycay Was not observed in isolated salamander cone photoreceptors in the
presence of SERCA pump blockers, 1P3, and caffeine, is not surprising. As suggested by
Krizaj et al. (2003) the PMCAs (responsible for Ca’" extrusion in cone inner segments)
are very active, and these pumps could therefore prevent Ca®’, released from Ca?' stores,
from increasing submembrane [Ca*']; high enough to modulate Icica)- In the present
study, treatment with the well-known PMCA antagonist lanthanum, which is known to
increase [Ca”'};, inhibited Icycy in an irreversible manner. With La’*, submembrane Ca>*
levels were probably reduced due to its blocking effect on voltage-gated Ca channels.
However, Icyca inhibition could also result from CI(Ca) channel inhibition in the
presence of high [Ca®*];, which is the focus of the next chapter. Finally, the result of this
section demonstrate that repeated depolarizing pulses produce an increase in lcica),
probably due to [Ca®*}; accumulation within the cell (Barnes and Hille, 1989). This
increase in Icica) was enhanced when the protocol was performed in the presence of
caffeine. Icyca) increase elicited by Ca?" influx through voltage-gated Ca channels,
combined with Ca>" release from caffeine-sensitive Ca®* stores may reflect the inability
of overloaded intracellular sequestering mechanisms to reduce free [Ca2+]i at the
submembrane microdomain where Cl(Ca) channels are located. These results suggest
that the contribution of Ca’* released from caffeine-sensitive stores to submembrane

[Ca®"}; may be revealed only when global Ca”" levels are disturbed.
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Chapter 5

High [Ca’");-Induced Inhibition of I¢yc,)

Parts of this chapter have been previously published in the following publications:

Lalonde MR, Barnes S. 2003. Contribution of Calcium Stores to Activation of Chloride
Current in Cone Photoreceptors. Society for Neuroscience, E-Abstract 791.18.

Lalonde MR, Barnes S. 2004. Inhibition of CI(Ca) Channels in Response to High

Intracellular Calcium Levels Due to Dephosphorylation-Mediated Ca channel Inhibition
in Cone Photoreceptors. Society for Neuroscience, E-Abstract 65.12.
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Previous chapters of the present study have argued that Ca®'-activated CI' current
(Icica) 1s induced following depolarization-evoked Ca®* influx, and that decay of Ca’*'-
activated CI tail currents reflect the time course of Ca*" diffusion away from Cl(Ca)
channels located at the plasma membrane. In this model, sustained activation of Icyca) is
therefore expected to reflect persistently high submembrane Ca’" levels. Surprisingly, as
the present chapter will demonstrate, sustained Icica) activation due to high Ca®" levels is
followed quickly by inhibition of Icyca. I hypothesize that this phenomenon, referred to
here as ‘high [Ca*"]i-induced’ inhibition of Icyca), is caused by Ca®" overload at the
submembrane level. The following sections will describe the conditions where sustained

activation of the Ca*'-activated CI” current led to its own inhibition.

5.1 Enhancement of Icyca) followed by inhibition during repeated depolarizing
pulses at 1 sec intervals in the presence of caffeine

Repetitive depolarizing pulses, consisting of -20 mV steps from a holding
potential of -60 mV repeated at 5 sec intervals, were previously shown to cause an
increase in Icica), Which was enhanced in the presence of 3 mM caffeine (see Chapter 4,
Section 4.5, Figs. 4.6 and 4.7). It was proposed that the ability of local mechanisms to
clear free [Ca®™]; at the submembrane level was reduced when Ca®" influx through
voltage-gated Ca channels is combined with Ca®" release from caffeine-sensitive stores.
As a next step, the result of higher submembrane [Ca2+]i on Icyca) Was investigated by
testing the effect of faster pulses in the presence of caffeine. As expected, repetitive
depolarizing pulses at 1 or 2 sec intervals in the presence of 3 mM caffeine, increased
Icicay amplitude; however, this enhancement was subsequently followed by Icica

inhibition. A representative example of the enhanced current elicited from 1 sec pulses in
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the presence of 3 mM caffeine is shown in Figure 5.1A. The time course of current
remaining is shown following depolarizing pulses from a holding potential of -60 mV to
-20 mV repeated at different intervals (1, 2, 5, 10, 15, and 20 sec). In the absence of
caffeine, an increase in the current (Step: ~75%; Tail: ~37%) was seen when pulses were
repeated at 1 sec intervals. Control current traces at baseline and at the peak increase
elicited by 1 sec pulses are shown in Figure 5.1B. In the presence of caffeine, the
increase in the current (measured from baseline to the peak increase) elicited with 1 sec
pulses was faster and twice as large in amplitude (Step: ~148%; Tail: ~79%). The
current records at baseline and at the peak increase in the presence of caffeine show an
increased amplitude and altered submembrane [Ca®"}i-dominated deactivation kinetics of
Icicay (Fig. 5.1C). In the presence of caffeine, the Icica enhancement was quick (peak
reached in less than 15 sec) and was followed by inhibition. For example, repetitive
pulses every 2 sec induced an increase in the current in control conditions (Step: ~62%;
Tail: ~21%); however, current enhancement at the same interval could not be elicited
following the inhibition of I¢ycs) in the presence of caffeine (Fig. 5.1A). Icyca) inhibition
during repetitive depolarizing pulses in the presence 3 mM caffeine was seen in all cells
tested (n=3).

Amplified Icyca elicited with repetitive depolarizing pulses is thought to reﬁect
localized [Ca®"}; accumulation within the cell (Barnes and Hille, 1989). The enhanced
current increase in the presence of caffeine is most likely due to increased submembrane
[Ca®'];. Although the cell has powerful mechanisms to maintain [Ca”']; at resting levels,

the combination of depolarization-evoked Ca®" influx and Ca*'-release from caffeine-
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Figure 5.1 Repetitive depolarizing steps at 1 sec intervals induce a transient Icycy)
increase in the presence of caffeine. (A) Time course of current remaining (expressed as
a percentage of control) in response to depolarizing pulses to -20 mV from a holding
potential of -60 mV, repeated every 1, 2, 5, 10, 15, and 20 sec. The current measured
during depolarizing voltage steps (Steps; black circles) and during repolarization
following those steps (Tails; white circles), is shown. Depolarizing pulses repeated every
1 or 2 sec produced an increase in Icyca) in control conditions. In the presence of 3 mM
caffeine (CAF; indicated by the horizontal bar), the increase in I¢yca) elicited by repeated
depolarizing pulses at 1 sec intervals was enhanced. This enhanced current increase was
followed by a rapid inhibition without recovery. The cell was superfused with caffeine 1
min prior to the depolarizing pulses repeated at 1 sec intervals. Note that after the current
was inhibited in the presence of caffeine, the increase seen during 2 sec pulses in control
conditions could not be reproduced. (B) Current traces at baseline (Baseline; solid line)
and at the peak increase elicited during 1 sec pulses (Peak (1s); dotted line) are shown in
control conditions and (C) during the application of caffeine. The dashed lines indicate

Zero current.
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2*1; within the

sensitive Ca’' stores seems to increase and accelerate accumulation of [Ca
cell. The enhanced current increase in the presence of caffeine was quickly followed by
inhibition. Since this observation has not been previously described or explained, the
mechanisms responsible for Icyca inhibition are investigated in the following work.
Icica) inhibition could reflect decreased submembrane Ca®" levels. For example, when
Ca*' levels are high, super-efficient mechanisms to buffer and/or sequester Ca*" may be
activated within the cell. In addition, a decreased depolarization-evoked Ca®* influx
through voltage-gated Ca channel would also explain reduced [Ca®]; at the
submembrane. It is possible that Icycq) is the result of a protective mechanism used by
the cell, where Ca channels become inactivated when the cell’s capacity to buffer Ca*" is
depleted. On the other hand, mechanisms involved in Cl(Ca) channel activation could be

inhibited by elevated levels of [Ca®'];.

5.2 Icica is inhibited following repeated strong depolarizations

Repeated strong depolarizations (100 ms prepulses to 0 mV, each followed by a
step to -60 mV for 40 ms and then 100 ms steps decrementing from +20 mV to -80 mV in
10 mV steps, applied at 2 Hz), has previously been shown to induce sustained Icyca)
activation (see Chapter 3; Section 3.3, Fig. 3.5B). The I-V relation observed with
repeated strong depolarizations was similar to the one obtained with ionomycin, and
therefore, this protocol was suggested to increase submembrane Ca® levels. However,
enhancement of Icyca) via repeated strong depolarization was followed by inhibition. The

peak current remaining was 79 + 8% (n=5), measured during depolarizing voltage steps
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Figure 5.2 Icyce 1s inhibited in a reversible manner following repeated strong
depolarizations. A cone photoreceptor, held at -60 mV and depolarized following the
standard depolarizing protocol, was subjected to repeated strong depolarization. (A)
Time course of peak current remaining (expressed as a percentage of control) measured
during depolarizing voltage steps (Steps; black circles) and during repolarization
following those steps (Tails; white circles). Repeated strong depolarizations (indicated
by the arrow), induced a reduction in current, which almost fully recovered. (B) Current
traces from the same cone photoreceptor, elicited by the -10 mV depolarizing pulse. The
current traces before (solid line) and after (dotted line) the repeated strong depolarization
protocol demonstrate the inhibition. The dashed line indicates zero current. (C) I-V
relations from the same cone, before (black circles) and after (white circles) repeated

strong depolarizations, show a decrease in the current.
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and 93 + 5% (n=5), measured during repolarization following those steps. Figure 5.2A
shows an example of Icyca) reduction following repeated strong depolarizations. The
inhibition was reversible as the current measured during depolarizing voltage steps to -20
mV recovered to 96 + 5% (n=5) of its original value. Current traces during a -10 mV
depolarizing step (Fig. 5.2B) and I-V relations (Fig. 5.2C) from the same cell show the
decreased current following repeated strong depolarizations. Since repeated strong
depolarizations seems to increase [Ca’'}; at the submembrane level, the inhibition in
Icica) following this protocol is likely mediated by high [Ca*'];; however, the specific

mechanism by which this inhibition occurs is unknown.

53 Icica) inhibition following repeated strong depolarizations is increased in the
presence of SERCA pump inhibitors

Repeated strong depolarizations leads to a reversible inhibition of Icyca). This
effect was significantly (P<0.05) enhanced in the presence of the SERCA pump inhibitor
thapsigargin (Fig. 5.3). Thapsigargin alone was shown not to modulate Icyca (see
Chapter 4; Section 4.1, Figs. 4.1C and D). The cumulative data indicated that in the
presence of thapsigargin (~4 min of superfusion) the peak current remaining measured
during depolarizing voltage steps, and during repolarization following those steps, was 93
* 3% (n=7) and 100 * 3% (n=7), respectively. However, when cells were subjected to
repeated strong depolarizations in the presence of thapsigargin, Icica) Was inhibited. The
peak current measured during depolarizing voltage steps and during repolarization
following those steps was significantly (P<0.05) inhibited by 48 + 10% (n=5) and by 25 +
5% (n=5), respectively. Figure 5.3A shows the inhibited current, which slowly

recovered. Icyca) inhibition following repeated strong depolarizations in the presence of
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Figure 5.3 Icycqs inhibition following repeated strong depolarizations seen in control
conditions was increased in the presence of the SERCA pump blocker, thapsigargin. A
cone photoreceptor was held at -60 mV and currents were elicited following the standard
depolarizing protocol repeated consecutively. (A) Time course of peak current remaining
measured during depolarizing voltage steps (Steps; black circles) and during
repolarization following those steps (Tails; white circles). Icyca) Was inhibited following
repeated strong depolarizations (indicated by the arrow) in the presence of 1 pM
thapsigargin (TG; indicated by the horizontal bar). (B) Current traces from the same
cone obtained in the presence of thapsigargin, demonstrating the current elicited by a -30
mV depolarizing voltage step before (solid line) and after (dotted line) repeated strong
depolarizations. The dashed line indicates zero current. (C) Leak-corrected I-V and (D)
offset-subtracted Ca’*-activated CI" Q-V relations, from the same cone before (black
circles) and after (white circles) repeated strong depolarization in the presence of

thapsigargin, also show the inhibition.
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thapsigargin is also illustrated in the current traces (Fig. 5.3B), and constructed /-V (Fig.
5.3C) and Ca**-activated CI QO-V (Fig. 5.3D) relations from the same cone photoreceptor.
Similar results were obtained with another commonly used SERCA pump inhibitor,
cyclopiazonic acid (Fig. 5.4).

Icicay shows reversible inhibition following repeated strong depolarizations in
control conditions. This inhibition, which was also reversible, was enhanced in the
presence of SERCA pump inhibitors, thapsigargin and cyclopiazonic acid. These data
suggest that Ca”" reuptake inhibition into Ca’" stores, which may have participated in
increasing global Ca®" levels, are responsible for the increased Icica) inhibition following
repeated strong depolarizations. The present results suggest that in the presence of high
[Ca™];, resulting from both Ca®' entry via voltage-gated Ca channels and from Ca*
reuptake inhibition into Ca®" stores, subsequent inhibition of Icicay occurred. It seems
that a higher [Ca2+]i induces greater Icyca) inhibition. The mechanism by which high
[Ca2+]i could cause the inhibition of I¢yca) is unknown but could involve direct inhibition

of CI(Ca) channels or indirect inhibition of voltage-gated Ca channels.

5.4  Icica inhibition following repeated strong depolarizations is increased and
becomes irreversible in the presence of H-8, a protein Kinase inhibitor

In cone photoreceptors, Icicay is inhibited following repeated strong
depolarization, when Ca®>" levels appear to be increased. Mechanisms involved in ‘high
[Ca**J-induced’ inhibition of Icycs are not known, but as described earlier in this
dissertation, could arise following voltage-gated Ca channel inhibition. Previous studies

have shown that photoreceptor Ca channel currents can be modulated by cAMP-
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Figure 5.4 Inhibition of Icyca) following repeated strong depolarizations seen in control
conditions was increased in the presence of cyclopiazonic acid. Whole-cell currents
elicited by the standard depolarizing protocol were recorded from a cone photoreceptor
held at -60 mV. (A) Time course of peak current remaining (expressed as a percentage of
control) measured during depolarizing voltage steps (Steps; black circles) and during
repolarization following those steps (Tails; white circles). In the presence of 5 uM
cyclopiazonic acid (CPA; indicated by the horizontal bar), Icyca) was inhibited following
repeated strong depolarizations (indicated by the arrow). (B) Current traces from the
same cone elicited by a -20 mV depolarizing voltage step before (solid line) and the after
(dotted line) repeated strong depolarizations in the presence of cyclopiazonic acid. Zero
current is indicated by the dashed line. (C) Leak-subtracted /-V and (D) offset-subtracted
Ca”"-activated CI” O-V relations, before (black circles) and after (white circles) repeated

strong depolarizations in the presence of cyclopiazonic acid, also show the decrease.
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dependent protein kinases (Stella and Thoreson, 2000; Stella et al., 2002). The following
section tests the role of phosphorylation mechanisms in Icyca inhibition following
repeated strong depolarizations by subjecting cones to this voltage-clamp protocol in the
presence of H-8, a cAMP and cGMP-dependent protein kinase inhibitor. The action of
H-8 alone on Icica) was first tested. H-8 (10 uM) did not significantly modulate Icica).
The average peak current remaining after application was 88 + 7% (n=5), measured at
depolarizing voltage steps, and 106 = 6% (n=5), measured during repolarization
following those steps. A répresentative example of leak-subtracted /- relations recorded
with the standard depolarizing protocol in control conditions (Control; black circles) and
in the presence of H-8 (white circles) is shown in Figure 5.5A. Activation curves,
constructed from these /-V relations by dividing by the driving force and then fitted with
the Boltzmann function, indicate no changes in Icyca by H-8 alone (Fig. 5.5B).
However, when repeated strong depolarizations were elicited in the presence of H-8,
much like in the presence of the SERCA pump inhibitors, the inhibition of Icicas Was
enhanced. Following repeated strong depolarization, the Ca**-activated CI tail current
elicited by the -20 mV depolarizing step, which was reduced by 15 £ 12% (n=5) in
control conditions, was inhibited by 69 + 15% (n=3) in the presence of H-8. Figure 5.6
illustrates an example of a cone that was highly sensitive to repeated strong
depolarizations in the presence of H-8. Figure 5.6A shows the time course of current
remaining measured during depolarization to -20 mV (Steps; black circles), and from
corresponding Ca®*-activated CI tails (Tails; white circles), recorded at -60 mV. A large
inhibition of the current measured at both the depolarizing voltage step and associated

Ca**-activated CI tail was seen following repeated strong depolarizations (indicated by
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the arrows) in the presence of H-8. Current traces (Fig. 5.6B) and /-} relations (Figs.
5.6C) from the same cone indicate a greater inhibition when compared to control
conditions (Fig. 5.2). The present data indicate that when phosphorylation mechanisms
are inhibited, a greater inhibition of Icyca is observed following repeated strong
depolarizations, when Ca”" levels are likely increased. The shift in the I-V relation in the
presence of H-8 after repeated strong depolarizations (Fig. 5.6C) suggests that voltage-
gated Ca channels were inhibited due to a shift in the activation curve along the voltage
axis. Changes in Ca channel activation were measured early into the voltage steps, a
region less contaminated with Cl” conductance, and activation midpoints were calculated
from activation curves fitted with the Boltzmann function. In the cell shown in Figure
5.6, a rightward shift in the activation midpoint (V) from -13.8 mV to -10.6 mV was
observed following repeated strong depolarizations in the presence of H-8. In a sample
of cells, the activation midpoint following repeated strong depolarizations shifted from
1.6 £ 0.8 mV (n=4) in control condition (without H-8) to 2.0 £ 0.8 mV (n=3) in the
presence of H-8; however, this shift was not statistically significant. In addition, Icyca)
inhibition following repeated strong depolarizations in the presence of H-8 could not be
recovered. These data suggest that when phosphorylation mechanisms are inhibited,
‘high [Ca2+]i—induced’ inhibition of Icyca), Which is irreversible, is due, at least in part, to

a shift in the Ca channel activation curve.
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Figure 5.5 H-8 alone did not modulate I¢ica) (n=5). Cone photoreceptors were held at
-60 mV and subjected to the standard depolarizing protocol in control conditions and in
the presence of H-8 (10 uM). (A) Representative example of /-V relations measured
during depolarizing voltage steps, in control conditions (black circles) and in the presence
of H-8 (white circles). H-8 had no effect on the whole-cell current. (B) Activation
curves constructed using the driving force calculated from corresponding -V relations,
demonstrating that the control recording was very similar to the one obtained in the

presence of H-8 (Boltzmann fit: V1, =-17.7 vs. -20.2 mV and m = 6.9 vs. 6.4)
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Figure 5.6 H-8 increased the repeated strong depolarization-induced inhibition effect on
Icica) and prevented current recovery (n=4). (A) Time course of current remaining
(expressed as a percentage of control) to -20 mV pulses measured during the standard
depolarizing protocol (Steps; black circles) and during repolarization following those
steps (Tails; white circles). Icyca) Was strongly inhibited following repeated strong
depolarization (indicated by the arrow) when superfusing with H-8 (10 pM; indicated by
the horizontal bar). (B) Corresponding current traces from the same cone before (solid
line) and after (dotted line) the repeated strong depolarization protocol in the presence of
H-8. Zero current is indicated by the dashed line. (C) Corresponding leak-subtracted I-V
relations of the current measured early during depolarizing voltage steps in the presence
of H-8 before (black circles) and following (white circles) repeated strong
depolarizations. The decrease is associated with a change in the activation curve, as

readily seen from the constructed I-V relation.
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5.5 Icica) is enhanced by okadaic acid, a protein phosphatase inhibitor, and
is inhibited by its washout

The link between high [Ca2+]i-induced inhibition of Icica) and dephosphorylation
mechanisms was further explored with the use of okadaic acid, a protein phosphatase
inhibitor. Okadaic acid (1 uM added to the standard bath solution) increased the peak
current measured during depolarizing voltage steps (38 + 17%; n=4; P<0.05) and during
repolarization following those steps (18 + 5%; n=4). The time course (current remaining
plotted against time) of drug application is shown in Figure 5.7A. While current build up
could have contributed to the increase seen in the presence of okadaic acid, Icica) Was
irreversibly inhibited when the drug was washed out. A few minutes after okadaic acid
was removed from the extracellular solution, complete reduction in Icica) could not be
reversed by re-applying the drug. This increase and inhibition, which occurred when
okadaic acid was applied and removed from the extracellular solution, respectively, are
also reflected in the current traces (Fig. 5.7B), leak-subtracted /-V relations (Fig. 5.7C),
and offset-subtracted Ca**-activated CI" O-V relations (Fig. 5.7D) from a different cell.
Figure 5.7E shows Ca channel activation curves, fitted with the Boltzmann function, in
control conditions (black circles), in the presence of okadaic acid (white circles), and a
few minutes after washout of okadaic acid (black triangles). Okadaic acid caused an
increase in Icycs), due to, at least in part, a negative shift in the Ca channel activation
curve, whereas a positive shift was secen when this drug was removed from the
extracellular solution. These observations were consistent among all cone photoreceptors
tested (n=4). The negative shift in the activation midpoint (V) in the presence of

okadaic acid was -1.8 £ 1.8 mV while the positive shift was 10.0 £ 2.8 mV (P<0.05)
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Figure 5.7 When dephosphorylation mechanisms are inhibited or activated, Icica) is
increased and inhibited via negative and positive shifts in activation curves, respectively.
(A) Time course of current remaining measured during depolarizing voltage steps to -20
mV (Steps; black circles) and during repolarization following those steps (Tails; white
circles). Okadaic acid (OA; 1 uM) produced an increase in the current (mainly tail),
which was later abolished when the drug was removed from the extracellular solution.
Reapplication of okadaic acid during current decrease (indicated by the horizontal bar)
could not recover the inhibition. (B) Current traces of a representative cone
photoreceptor in control conditions (solid line), in the presence of okadaic acid (dotted
line), and after okadaic acid was removed from the extracellular solution (dashed line),
showing the okadaic-induced increase and washout-induced inhibition of the current. (C)
Leak-subtracted I-V relations measured during depolarizing voltage steps, and (D) offset-
subtracted Ca’*"-activated CI' Q-V relations, are shown in control conditions (black
circles), during the first okadaic acid application (OA; white circles), and after okadaic
washout (Wash; black triangles). (E) Compared to control conditions (black circles), a
negative and positive shift in the Ca channel activation curve was observed in the
presence of okadaic acid (white éircles) and when okadaic acid was washed out (black
triangles), respectively. (F) Cumulative data from four cone photoreceptors showing the
average Ca”-activated C1" charge remaining in the presence of okadaic acid (OA; black
bars) and after okadaic acid was removed from the superfusate (Wash; white bars). Data
from both the -20 mV and 0 mV depolarizing voltage steps are shown. When okadaic
acid was washed out, a significant decrease in the tail integral was observed at -20 mV

but not at 0 mV, further confirming the shift in the activation curve. *P<0.05.
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when okadaic acid was washed out, suggesting recovery of phosphatase activity above
control. Figure 5.7F further demonstrates the shifts in the activation curves. In the
presence of okadaic acid, the mean charge (Q; calculated fr&m the integral of the Ca®'-
activated CI tails and expressed as a percentage of control) increase following the step to
-20 mV was 126 + 61% (n=4) and 63 * 34% following the step to 0 mV. When okadaic
acid was washed out, the charge passing was 8 + 5% following the step to -20 mV and

113 + 47% following the step to 0 mV. These results suggest that Icyca) inhibition

occurs, at least in part, via a mechanism involving voltage-gated Ca channel inhibition.

5.6  Enhancement of I¢)c,) is followed by inhibition in the presence of ionomycin
As described in previous sections, repeated strong depolarization causes Icica)
inhibition, and this inhibition was increased in the presence of SERCA pump blockers. It
was therefore hypothesized that Icycq) inhibition was induced by high [Ca®*];. Ionomycin
is an ionophore that forms lipid-soluble complexes with divalent metal cations. It has a
greater sensitivity to Ca®" ions over Mg®" (by a factor of ~2), forming a 1:1 complex (Liu
and Hermann, 1978) and is therefore commonly used to increase the Ca>" permeability of
biological membranes. Therefore, the ‘high [Ca2+]i-induced’ inhibition of Icyca was
tested by adding ionomycin to the extracellular solution. Although Ca**-imaging
experiments demonstrate a sustained increase in [Ca®'}; in salamander cone
photoreceptors in the presence of ionomycin (see Appendix 1), the sustained Icyca
activation previously described (see Chapter 3; Section 3.3; Fig. 3.5B) was subsequently
followed by inhibition. The application of 5 uM and 10 uM ionomycin generated similar

results; therefore, the data acquired for both concentrations were combined. In the
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presence of itonomycin, current records, whether obtained by subjecting cells to the
standard depolarizing protocol (n=3; Fig. 5.8) or by depolarizing the cells to -20 mV
every 5 sec or 15 sec from a holding potential of -60 mV (n=5; Fig. 5.9), showed that an
increase in Icyca) was subsequently followed by inhibition. Figure 5.8A demonstrates a
representative example of currents elicited by the -20 mV depolarizing voltage step in
control conditions (Control; solid line), in the presence of ionomycin (2 min superfusion;
IONO; dotted line), and after ionomycin-induced inhibition of Icyca) (4 min superfusion;
Inhibition; dashed line). After two minutes of ionomycin superfusion, sustained Icica)
activation was observed while the current elicited by depolarizing voltage steps became
smaller. Four minutes after ionomycin was added to the extracellular solution, both the
voltage step current and the Ca®"-activated CI tail current were inhibited. Figure 5.8B
and C show the constructed I-V and Ca**-activated CI Q-V relations of the same cell,
respectively. The large Ca®*-activated Cl* conductance generated by two minutes
ionomycin superfusion is reflected in the /-V relation, where the current reverses close to
0 mV, near Ec; (IONO; white circles). The inhibition in I¢cyc,) caused by ionomycin is
reflected in the Q-V relation, where the amount of charge crossing is significantly
reduced (Inhibition; black triangles). After Icyc,) inhibition in the presence of ionomycin,
an outward current measured during depolarizing voltage-steps remained at positive
potentials. On one occasion, in the example shown in Figure 5.8B, this outward current
(black triangles) elicited at potentials positive to +20 mV was of nearly identical

magnitude to the ionomycin-induced current before inhibition (white circles).
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Figure 5.8 Icica) 1s enhanced then subsequently inhibited in the presence of ionomycin
(5 or 10 uM; n=3). Cone photoreceptors were held at -60 mV and subjected to the
standard depolarizing protocol in control conditions and during superfusion of
ionomycin. (A) Representative example of currents elicited by a -20 mV depolarizing
voltage step in control conditions (Control; solid line), at the peak increase in the
presence of 10 pM ionomycin (IONO; dotted line), and following ionomycin-induced
inhibition (Inhibition; dashed line). Zero current is indicated by a dashed line. (B)
Corresponding I-¥ relations and (C) Ca*"-activated CI” O-¥ relations from the same cone,
recorded in control conditions (Control; black circles), in the presence of ionomycin
(IONO; white circles), and after ionomycin-induced inhibition (Inhibition; black
triangles). In the presence of ionomycin, a large Ca’'-activated Cl' conductance
contribution can be detected in the I-V relation, where the current reverses close to Ec (0
mV). No inward current is seen after ionomycin-induced inhibition (4 min of ionomycin
superfusion). The large Icyca) increase in the presence of ionomycin is reflected in the
increased Ca®*-activated CI' Q-¥ relation. After ionomycin-induced inhibition, the CaZ*-

activated CI tails are significantly reduced
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Figure 5.9 Ionomycin (5 or 10 pM) transiently increases Icyca) but inhibits the current
measured during depolarizing voltage steps to -20 mV (repeated every 5 or 15 sec; n=5).
(A) Time course of current remaining from a cone photoreceptor, held at -60 mV and
subjected to -20 mV depolarizing voltage steps every 15 sec in the presence of 10 uM
ionomycin (indicated by the horizontal bar). The current measured during depolarizing
voltage steps (Steps; black circles) decreased in amplitude in the presence of ionomycin.
The Ca**-activated CI tail current (Tails; white circles) was increased (peak reached after
~4 min superfusion) and then inhibited. Note that the inhibition was reduced before
ionomycin was removed from the extracellular solution. (B) Current records from the
same cone photoreceptor shown before the application of ionomycin (Control; solid line),
at the peak increase created by ionomycin superfusion (Ionomycin; dotted line), and after
ionomycin-induced inhibition (Inhibition; dashed line). In the presence of ionomycin, the
reduced current measured during the pulses to -20 mV, and sustained Icyca) activation are

shown. Zero current is indicated with a dashed line.
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Similar results were obtained with test pulses to -20 mV from a holding potential
of -60 mV, repeated every 5 or 15 sec in the presence of ionomycin (n=5). Figure 5.9A
demonstrates a representative example of the time course of current remaining measured
during depolarizing voltage steps at 15 sec intervals in the presence of 10 pM ionomycin.
The Ca*'-activated CI tail current increased in amplitude and then was inhibited by
ionomycin (Tails; white circles). However, ionomycin inhibited the current measured
during depolarizing voltage steps (Steps; black circles). These observations were seen in
all cells tested. Current traces constructed from the same cell also illustrate the large
Icica) tail increase and concomitant reduction in the current recorded during the steps
(Fig. 5.9B).

The initial enhancement of Icyca) in the presence of ionomycin likely reflects
increased [Ca®'};, as suggested by the Ca®*-imaging experiments (Appendix 1). Whether
the source of Ca* is from ionomycin-induced Ca?* entry from the extracellular solution
and/or from internal stores, along with depolarization evoked Ca®" influx, is unknown.
Also, although not identified in salamander cone photoreceptors, store-operated channels
(SOCs), which are non-selective cation channels, may be contributing to increased [Ca®';
after ionomycin-induced Ca®?* store depletion. Mechanisms responsible for Icyca)
inhibition following enhancement in the presence of ionomycin are unknown. Since
Ca”'-imaging experiments in salamander cone photoreceptors demonstrate sustained
[Ca®']; increase in the presence of ionomycin, the inhibition of Icicay following
enhancement is likely not due to Ca’* buffering and/or sequestration mechanism,
reducing submembrane Ca®* levels. Therefore, it secems likely that mechanisms

involving CI(Ca) channel activation may have been affected by high [Ca*'];. The current
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reduction during depolarizing steps indicate a decreased Ic, precedes Icica) inhibition.
Although a change in driving force for Ca®" ions is expected when [Ca®'}; is high,

inhibition of voltage-gated Ca channels is likely occurring.

5.7 A transient conductance is observed at -60 mV holding potential in the
presence of ionomycin

For the purpose of ruling out the possibility that the transient effect of ionomycin
was triggered by depolarization-evoked Ca®" influx, the effect of ionomycin on current
measured at -60 mV holding potential was tested. Since voltage-gated Ca channels are
not open at -60 mV, Icyca does not rely on Ca®" influx through these channels for
activation. A large transient conductance was observed at resting potential (-60 mV)
when ionomycin was added to the extracellular solution (n=4). Figure 5.10 demonstrates
a cone photoreceptor subjected to sample recordings at 15 sec intervals in the presence of
5 uM ionomycin. The increased conductance (40-fold) with ionomycin likely reflects
Ca®" entry from the extracellular solution and/or release from intracellular stores,
activating Cl(Ca) channels. This increase in Icicay was subsequently followed by
inhibition. These results suggest that increased submembrane [Ca*'}; in the presence of
ionomycin is responsible for Icyca activation, and possibly inhibition. Mechanisms

involved in C1(Ca) channel activation may have been affected by the increased [Ca};.
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Figure 5.10 Cl(Ca) channels may also be inhibited by high [Ca’"]; achieved via
ionomycin superfusion. Cone photoreceptor sample recordings were obtained every 15
sec at the holding potential of -60 mV before and during superfusion of 5 uM ionomycin.
A representative example of the time course of the normalized current remaining is
shown in the figure. Ionomycin caused a transient 40-fold increase in conductance.

Similar results were obtained in three other cone photoreceptors.
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5.8 In the absence of extracellular Ca2+, ionomycin does not activate Icyca)

In addition to increasing Ca*" flux across the plasma membrane, the hydrophobic
Ca®" ionophore, ionomycin, also empties intracellular Ca®* stores by transporting Ca®*
out into the cytosol. Thus, the contribution of Ca*" stores (without the influence of
extracellular Ca?* entry) to the enhancement of Icyca), Which was followed by inhibition,
described in the previous sections, was assessed by superfusing ionomycin in a Ca®* free
extracellular solution. For some of the recordings, 3 mM Mg** and 2 mM BAPTA were
added to the standard bath solution. Extracellular Mg®* was used to compensate for the
total absence of Ca’’, while BAPTA assured rapid and total elimination of Ca** ions.
Figure 5.11A demonstrates the time course of current remaining during pulses to -20 mV
from a holding potential of -60 mV, repeated every 15 sec. As expected, the current
measured during depolarizing voltage steps, and during repolarization following those
steps, both decreased when Ca®" jons were removed from the extracellular solution. In
cells where BAPTA was included into the superfusing solution, Icica) started to decrease
less then 2 min following the removal of Ca®* from the extracellular solution, and no
current remained after 4 min. Figure 5.11B demonstrates current traces before (Control;
solid line), and 2 min (dotted line), 3 min (dashed line), and 4 min (dotted dashed line)
after Ca?" was removed from the extracellular solution. I-V and Ca**-activated Q-V
relations are shown before (Control; black circles) and after (Ca®" free; white circles)
Ca®" removal from the extracellular solution (Figs. 5.11D and E). When I¢yc,) inhibition
was achieved in Ca®' free solution, ionomycin was applied to empty the Ca®' stores (Fig.

5.11A). In the absence of extracellular Ca®*, ionomycin had no effect on Igycy in all cell
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Figure 5.11 In the absence of extracellular Ca®*, jonomycin (5 or 10 pM; n=6) does not
activate Icyca). (A) Representative example of the time course of current remaining
(expressed as a percent of control) elicited by -20 mV pulses repeated every 15 sec.
When Ca”* was removed from the superfusing solution (for this example, Mg®" and
BAPTA were added), a decrease in both the current measured during depolarizing
voltage steps (Steps; back circles) and during repolarization following those steps (Tails;
white circles) was observed. When 10 uM ionomycin was introduced with the Ca®* free
superfusing solution, no changes in the current were observed after 10 min of
superfusion. A transient conductance was seen when Ca”* was re-introduced into the
extracellular solution. (B) Current records from the same cell in control conditions (solid
line) and 2 min (dotted line), 3 min (dashed line), and 4 min (dotted dashed line) after
Ca®" was removed from the extracellular solution. (C) Current traces showing a Ca®" free
recording (solid line; same recording that is illustrated at 4 min in (B)), and a recording
after 10 min of ionomycin superfusion (Ca** free + IONO; dotted line). No differences
were observed. The peak increase observed following the re-introduction of Ca®* in the
superfusate, which is characterized by sustained Ca**-activated CI tails, is also shown
(dashed line). Zero current is also indicated by a dashed line. (D) Leak-corrected /-V and
(E) offset-subtracted Ca*'-activated CI" Q-V relations constructed from recordings in
control conditions (Control; black circles), 4 min after Ca®* removal from the
extracellular solution (Caz+ free; white circles), 10 min after ionomycin superfusion in
Ca®" free solution (Ca®* free + IONO; black triangles), and after Icycy was reduced
following re-introduction of Ca®* in the extracellular solution (Inhibition; white

triangles).
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tested (n=6). Current traces (Fig. 5.11C), I-V (Fig. 5.11D) and Q-V (Fig. 5.11E) relations
recorded in Ca’" free before (Ca®" frec) and after (Cat2+ free + IONO) ionomycin
superfusion are unmodified. These data suggest that, similar to the results obtained in
Chapter 4, Ca”" release from internal stores does not participate in the activation of Icica).
A transient conductance similar to the effect of ionomycin superfusion in the presence of
extracellular Ca*" (Figs. 5.8, 5.9, and 5.10), was observed when Ca®" ions were re-
introduced to the extracellular solution (Fig. 5.11A). Shown in Figure 5.11C is the
current trace at the peak increase (dashed line), which is characterized by sustained Ca**-
activated CI” tail. I-V and Ca®*"-activated Cl Q-V relations (Figs. 5.11D and E),
constructed from a recording after the inhibition of I¢ica (Inhibition; white triangles),
which was induced when Ca*" was re-introduced to the extracellular solution are shown
in Figure 5.11D and E, respectively.

In the presence of extracellular Ca®*, jonomycin superfusion induces an increase
in Icica), which is followed by inhibition (Figs. 5.8, 5.9, 5.10). The source of Ca**
responsible for the increase in Icica) could be extracellular (ionomycin-induced Ca*
entry from extracellular solution) or intracellular (ionomycin-induced Ca®* exit from
internal stores). Since Icyca) Was not activated by ionomycin in Ca** free extracellular
solution, the present data further suggest that Ca** stores do not contribute to the
activation of Cl(Ca) channels under these conditions. In addition, an increase in Icyca)
was followed by inhibition when Ca>* was re-introduced to the superfusing solution,
similar to that observed with ionomycin in the presence of extracellular Ca’**. These
results suggest that the transient current, seen with ionomycin only when extracellular

Ca®" was present, is due to extracellular Ca™ entry, and not release from the stores.
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Whether Ca®* released from Ca®" stores in the presence of ionomycin when extracellular
Ca®" was absent was too small to increase the submembrane [Ca®'};, or if the stores were
too distant from the submembrane level, is unknown. Although unlikely, the possibility
that the Ca®" stores were depleted in the absence of Ca’* in the extracellular solution
cannot be ruled out. However, Krizaj et al. (1999) demonstrated, via Ca*"-imaging
experiments, that Ca”* can be released from caffeine-sensitive stores up to 4 min in the

absence of extracellular Ca®".

5.9 Summary

The activity of Icycq reflects changes in submembrane [Ca*];. Icycs) increases
during depolarization-induced Ca*" influx, and decreases as Ca®" diffuses away from the
plasma membrane. However, as this chapter has shown, under conditions of high
intracellular [Ca®"], Icicay 1s inhibited instead of being persistently activated. Caffeine-
sensitive Ca®" stores were shown to increase submembrane Ca”" levels but only during
depolarizing pulses repeated at 1 sec intervals, a specific protocol that aimed to increase
[Ca™].. Increased Icica) amplitude presumably reflects high submembrane Ca®™ levels,
caused by both depolarization-evoked Ca’" influx and Ca® release from caffeine
sensitive stores, combined with an overloaded Ca®* buffering and sequestration. In these
conditions, enhanced Icyca) Was subsequently inhibited. Mechanisms involved in Icyca)
inhibition can only be speculated, and could reflect decreased submembrane Ca®" levels.
For example, increased activation of pumps or transporters triggered by Ca’’ release from
stores may explain Icyca) inhibition seen here (Schmid et al., 1990; Friel and Tsien, 1992;

McNulty and Taylor, 1993; Orkand and Thomas, 1995). Krizaj et al. (1999) proposed the
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presence of release-activated Ca®* transporters (RACTs) in salamander photoreceptors.
Although its identity is still unknown, RACT would be responsible for rapid Ca**
reuptake into internal stores when high levels of Ca”" are reached within the cell. Other
mechanisms, such as rapid Ca®* extrusion through plasma membrane Ca®*-ATPases
(PMCAs) and Ca®* sequestration via Ca*’-binding protein would explain a reduction of
free [Ca2+]i and Icyca) inhibition. In addition, inhibited Ca channel during conditions of
high [Ca®*}; would also explain reduced submembrane Ca’" levels and the inability to
activate Cl(Ca) channels upon depolarizations. Finally, other than reduced submembrane
[Ca®];, other mechanisms, including CI(Ca) channel down-regulation or an intermediate
protein involved in the activation of I¢yca), could explain I¢yca) inhibition in conditions
where Ca*" levels seemed increased.

The voltage-clamp protocol termed ‘repeated strong depolarizations’ was
described in Chapter 3 (Section 3.3; Fig. 3.5B). It consists of 100 ms prepulses to 0 mV
from a holding potential of -60 mV applied at 2 Hz, each followed by 100 ms voltage
steps decrementing every 10 mV from +20 mV to -80 mV. This protocol causes
sustained CI(Ca) channel activation and therefore presumably increases submembrane
[Ca*']i. When subjecting the cell to repeated strong depolarizations, persistent activation
of Icica) was followed by an inhibition period, which slowly recovered. Whether this
inhibition is caused indirectly through voltage-gated Ca channel inhibition, directly
through CI(Ca) channel inhibition, or via a different mechanism is not clear. Cells have a
necessity to move Ca”" between the cytosol and storage sites by sequestration. This
process is principally attributable to the action of SERCA pumps (Missiaen et al., 1991a).

The inhibition of I¢yca) following repeated strong depolarizations was increased in the
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presence of SERCA pump blockers. These observations suggest that the higher the
[Ca®"};, the greater the inhibition of Icica).

The inhibition of Icycs) following repeated strong depolarizations was also
increased and became irreversible in the presence of the cAMP-dependent protein kinase
inhibitor, H-8. This increased inhibition in the presence of H-8 is mediated by a positive
shift in Ca channel activation kinetics. While phosphorylation mechanisms may increase
Icica) in cone photoreceptors, it seems likely that when dephosphorylation mechanisms
are activated, voltage-gated Ca channels are the targets of inhibition. The protein
phosphatase inhibitor, okadaic acid, increased Icica) due to a negative shift of Ca channel
activation. In addition, Icyca) Was irreversibly inhibited due to a positive shift when
okadaic acid was washed out. Therefore, Cl(Ca) channels are inhibited, at least in part,
via a mechanism involving voltage-gated Ca channel inhibition.

Tonomycin incorporates into lipid bilayers where it operates as a Ca®"/H’
exchanger (Wheeler et al., 1994). Although [Ca®']; elevation is sustained in the presence
of ionomycin (Appendix 1), superfusion with ionomycin caused a transient increase in
Icica), Which was irreversibly inhibited. These results support a ‘high [Ca®*)i-induced’
inhibition of Icyca). In the presence of ionomycin, when Cl(Ca) channels were fully
activated (sustained Ca®'-activated CI' tail currents), the current measured during
depolarizing voltage steps was decreased.  Therefore, elevated [Ca®'}; at the
submembrane level seemed to first suppress voltage-gated Ca channel activity, although a
change in the driving force for Ca?' ions is also expected. In the absence of
depolarization-evoked Ca*" influx, ionomycin also caused enhancement of Icica

followed by inhibition, suggesting that Ca®" influx through voltage-gated Ca channels is
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not responsible for the transient I¢yca activation. Since CI(Ca) channels do not rely on
depolarization-evoked Ca”* influx for activation in the presence of ionomycin, the
inhibition observed may be due to a more direct inhibition on CI{Ca) channels or
intermediate proteins involved in their activation. Ionomycin also causes Ca®* extrusion
from internal stores. However, in Ca>" free extracellular solution, ionomycin failed to

activate Icica), suggesting that Ca” stores do not contribute to CI(Ca) channel activation.
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Chapter 6

Discussion
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The overall goal of this dissertation was to describe features governing the gating
of Icica) to better understand their physiological function in cone photoreceptors. The
first hypothesis tested if Cl(Ca) channels are activated by a rise in intracellular Ca*"
([Ca®'};) close to the cell membrane, such as during Ca®* entry through voltage-gated Ca
channels at the synaptic terminal. The deactivating kinetics of Ca*'-activated CI tail
currents were suggested to reflect Ca’ diffusion and buffering away from CI(Ca)
channels located at the plasma membrane. It was hypothesized that Icica) would follow
[Ca®*); levels and that Ca*" stores wouid contribute to channel gating. The results suggest
that Ca>" release from Ca”" stores does not increase the submembrane level high enough |
to modulate Icyca. CI(Ca) and Ca channels at the plasma membrane of cone synaptic
terminals may be physically distant from Ca®" stores. It was also hypothesized that
C1(Ca) channel inhibition was caused by high levels of [Ca®'];, and that this effect was
mediated by the phosphorylation state of intracellular proteins. Dephosphorylation
mechanisms were shown to be involved in high [Ca’-induced inhibition of Icica).
Voltage-gated Ca channels involved in Icyca) activation, as well as the Cl(Ca) channels

themselves, were proposed to be possible targets of this inhibition.

6.1 CI(Ca) channels are activated by submembrane [Ca“]i

A number of studies have proposed the exclusive regulation of CI(Ca) channel
activity by [Ca”]i in neurons (Mayer, 1985; Owen et al., 1986; Bader et al., 1987;
Johansen and Kleinhaus, 1988; Rogawski et al., 1988; Barnes and Hille, 1989; Korn and
Horn, 1989; Currie and Scott, 1992; Sanchez-Vives and Gallego, 1994; Currie et al.,
1995). In salamander cone photoreceptors, the steep dependence of Cl(Ca) channels on

[Ca?'}; was linked to Ca®" influx through voltage-gated Ca channels as the non-specific
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Ca channel blocker, Cd?*, inhibited Cl(Ca) channel activation (Barnes and Hille, 1989;
Bames and Bui, 1991; Morgans et al., 1998). Such relationships between Ca" entry
through voltage-gated Ca channels and Icica) activation have been observed in different
systems including mammalian neurons and smooth muscles (Akasu et al., 1990; Akbarali
and Giles, 1993). The present study extends this body of evidence and demonstrates

Icica) activation by submembrane [Ca®*}; in cone photoreceptors.

6.1.1 Icyca) activation is tightly coupled to Ca*" influx

This dissertation has demonstrated the dependence of Icycs on [Ca2+]i with
several lines of evidence, such as current inhibition by Ca** chelators, lanthanum (a
voltage-gated Ca channel blocker), and the substitution of Ca®* with Ba®" in the
extracellular solution. In addition, depolarizations that induce Ca®’ influx through
voltage-gated Ca channels activated Icyca) and the L-type Ca channel agonist, (+)-Bay
K8644, enhanced the Ca**-activated CI" tails in a manner that mirrored enhancement of
Ca currents. The same voltage dependence for Ca®" influx is reflected in the bell-shaped
Q-V relations for Ca**-activated CI” tail currents, which were maximal between the
voltage ranges of 0 to +10 mV, near the peak of voltage-gated Ca channel currents in
salamander cone photoreceptors. In addition, the amount of charge crossing the
membrane carried by CI” ions was small following test pulses to very positive potentials
(e.g., +60 mV). Such changes in potential do not elicit voltage-gated Ca channel currents
due to the reduction in driving force for Ca’* influx. Using brief depolarizing pulses of
different durations and measuring Ca**-activated CI tail current after repolarization, it

has previously been shown in salamander cone photoreceptors (Barnes and Hille, 1989)
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and in goldfish retinal bipolar cells (Okada et al., 1995) that Ca*"-activated CI tail
currents follow [Ca®'}; dynamics. In these studies, increasing the duration of the
preceding depolarization, which prolongs the activation time of voltage-gated Ca
channels and promotes Ca’" accumulation (i.e. build up) in the cell, generated larger

Ca’"-activated CI tail currents with a slower decline.

6.1.2 Deactivation of Ca’"-activated CI tail currents reflects changing
submembrane Ca’" levels

The saturated exponential approach used in the present work to fit the decay of
Icicay suggests that the predominant factor governing deactivation of Cl(Ca) channels is
simple one-dimensional diffusion of [Ca®']; (Scott et al., 1995). That the decaying Ca®'-
activated CI tail currents reflects a progressive decrease in [Ca®");, and not intrinsic
inactivation of Icyca), Was originally proposed by Currie et al. (1995). In that study, the
authors observed the re-activation of declining Ca®'-activated CI tail currents in rat
dorsal root ganglia (DRG) when generating a steep [Ca®'}; increase via the photorelease
of caged Ca**. In this dissertation, saturation of the exponential function, achieved by
convolution with a modified Hill equation, is proposed to reflect occupancy of all
available Ca?" binding sites on CI(Ca) channels or other regulatory partners. Single
exponential behavior, as seen during the later part of the current trajectory, implies
diffusion of Ca** away from the plane of the membrane, suggesting that Ca channels and
CI(Ca) channels are located in close proximity to each other at the membrane.

Since Ca”" influx is required for vesicle fusion, Ca channels are presumably
located in close proximity to the ribbon synapse, which orchestrates the flow of

neurotransmitter-filled vesicles to the release site. Similarly, Cl(Ca) channels involved
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may be localized at the cone pedicle. In fact, ion channels mediating Icyca) in salamander

rods are thought to be preferentially located at the terminal (MacLeish and Nurse, 2000).

6.1.3 Cone photoreceptor CI(Ca) channels may be co-localized with L-type Ca
channels at the plasma membrane

Tightly linked [Ca*'];-Cl(Ca) channel coupling that is only suppressed under a
high-capacity buffering system provides evidence that Cl(Ca) channels and voltage-gated
Ca channels lie in close proximity to one another and form a submembrane microsystem.
The co-localization of other Ca**-dependent channels and voltage-gated Ca channels has
also been suggested for Ca’*-activated K channels (Gola and Crest, 1993) and Ca*'-
activated non-selective cation channels (Partridge et al., 1994) in Helix neurons. In
addition, the coupling of specific types of Ca channels with Ca**-dependent channels has
also been suggested. For example, the source of Ca®" influx for the activation of C}(Ca)
and K(Ca) channels in mouse sympathetic neurons appeared different because Cl(Ca)
channels are activated by Ca?" influx through L- and P-type Ca channels while K(Ca)
channels are activated by N-type Ca channels (Martinez-Pinna et al., 2000). Given the
prevalence of L-type Ca channels in salamander cone photoreceptors (Wilkinson and
Barnes, 1996), the specific co-localization of CI(Ca) channels and L-type Ca channels is
plausible. The activation of I¢yca) following Ca®" influx specifically through L-type Ca
channels has also been proposed in other systems, including cardiac myocytes (Zygmunt
and Gibbons, 1992) and oesophageal smooth muscle cells (Akbarali and Giles, 1993),
where L-type Ca channels are predominant. In salamander cone photoreceptors, Cl(Ca)
channels likely outnumber voltage-gated Ca channels. This postulation is based on single

channel properties and maximum cell current amplitudes of both of these channels.
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Voltage-gated Ca channels have a large conductance and small whole-cell Ic.. On the
other hand, CI{Ca) channels have a small conductance, as judged from the smoothness of
the current trajectories, and large whole-cell Icyca. Hence, a model in which a small
number of Ca channels are closely surrounded by clusters of Cl(Ca) channels appears to

be a reasonable proposal.

6.1.4 Cone CI(Ca) channels may be directly activated by Ca**

In cone photoreceptors, the [Ca®*}i-Cl(Ca) channel coupling mechanism, whether
it be direct or indirect via Ca**-binding proteins or via Ca’’-dependent enzymes, is
unknown. In the present study, calmodulin was excluded from being a possible
intermediate between Ca®" and C1(Ca) channel activation, as also suggested in rat parotid
secretory cells (Arreola et al., 1998), and therefore, direct Ca’" binding to the channel
protein is suggested. However, in the present dissertation, all recordings were performed
with intracellular ATP, which is required for Ca channel activity, and therefore Cl(Ca)
channel activation via a Ca’’-dependent phosphorylation mechanism in not excluded.
Other studies using excised patches have suggested direct Ca** binding to CI(Ca) channel
proteins in a variety of tissues, based on the fact that there was no evidence of rundown
of channel activity in the absence of ATP (Martin, 1993; Koumi et al., 1994; Collier et

al., 1996; Nilius et al., 1997b).

6.2 Negligible role of Ca®" released from Ca®" stores in gating of salamander
cone IC](Ca)

The present dissertation examined the role of intracellular Ca®* stores in the

activation of CI(Ca) channels. The mitochondria and the endoplasmic reticulum (ER) are
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two important regulators of [Ca2+];. However, the present work only investigated the
contribution of Ca®" released from the latter by using agents that specifically activate or
inhibit channels and pumps responsible for Ca’" movement across the ER membrane.
Since it is known that Ca®" influx activates Ca®" stores in cones (Krizaj et al., 1999),
changes in Cl(Ca) channel relaxation kinetics after manipulating the ryanodine and IP;

sensitive Ca*" stores were investigated.

62.1 Ca* responsible for Icica) activation is not amplified by calcium-induced
Ca®*-release from ryanodine-sensitive Ca’" stores

Ca**-induced Ca®'-release (CICR) is the mechanism of excitation-contraction
coupling in cardiac myocytes where a tight coupling of Ca®' influx and Ca®" release is
achieved by the positioning of ryanodine receptors (RyRs) within 100 nm of the voltage-
gated Ca channels (Rios and Stern, 1997; Stern, 1998). One isoform of the ryanodine
receptor, RyR2, has recently been identified in subellipsoid spaces and cell bodies of
salamander photoreceptors (Krizaj et al., 2004). In the present study, blocking CICR
from ryanodine-gated Ca®" stores did not modulate the magnitude of Icyca) activated by
depolarization. These results suggest that Cl(Ca) channels are activated by Ic, without
amplification by a ryanodine-sensitive mechanism, and that under the specific conditions
used in the present dissertation, there is no evidence of CICR in salamander cone
photoreceptors. Similar results were obtained in rat sympathetic neurons (Thayer et al.,
1988b; Thayer and Miller, 1990) and in avian sensory neurons (Ivanenko et al., 1993). It
is also possible (but unlikely, due to the appearance of the tail current) that Icica)
activation was saturated by Ic, and CICR block could not be detected. In addition, the

effect of blocking CICR may not have been detected by the sampling protocol used in
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this dissertation. The standard depolarizing protocol used in this study consisted of
voltage steps repeated every 3 or 5 sec, and therefore, increased [Ca®}; originating from
CICR may not have been detected if it occurred between these sampling periods.
However, Ca**-imaging studies revealed that the CICR response occurs over a duration

of 1 min (Alonso et al., 1999; Collier et al., 2000; Solessio and Lasater, 2002).

6.2.2 RyR channels may be spatially distant from Cl(Ca) channels in salamander
cone photoreceptors

Ici(cay activation by Ca®" release from caffeine-sensitive stores has been shown in
isolated chick dorsal root ganglia (Ivanenko et al., 1993; Kenyon and Goff, 1998). Using
a similar protocol, Icica) was not modulated by Ca** release from caffeine-sensitive stores
in the present dissertation. These results were surprising since previous studies have
suggested penetration of the smooth ER into synaptic terminals of frog photoreceptors
(Mercurio and Holtzman, 1982; Ungar et al., 1984), and Ca®" release from caffeine-
sensitive stores has also been reported in photoreceptor synaptic terminals (Steele et al.,
2002). The present data, together with the fact that the deactivation kinetics of Ca’*-
activated CI tail currents remained unchanged following Ca** reuptake inhibition via the
blockade of sarcoplasmic/endoplasmic reticulum Ca”*-ATPase (SERCA) pumps, suggest
that intracellular Ca®" release sites are physically distant from Cl(Ca) channels at the
plasma membrane. In avian sensory neurons, where Cl(Ca) channels activate and
deactivate in a manner similar to that shown here in cones, it was calculated that the
Cl(Ca) channel activation site lies up to ~10 times closer to the Ca channel source than
the Ca®" stores (Ward and Kenyon, 2000). Ward and Kenyon (2000) developed a Ca**

diffusion model that indicated that the distance between voltage-gated Ca channels
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located at the plasma membrane and RyRs is greater than 600 nm. Thus, Ca channel-
mediated Ca’" influx dominates the gating of Cl(Ca) channels, and this model may
provide an estimate for the physical separation of the channels and their source in
photoreceptors. Although the data presented here do not exclude the possibility that
some voltage-gated Ca channels and RyR channels are positioned close to each other in
salamander cone photoreceptors, it seems unlikely that the activity of these RyRs will be

tightly coupled to Ca®" influx via voltage-gated Ca channels and CI(Ca) activation.

6.2.3 Ca’ release from internal stores may not contribute to submembrane Ca**
levels

Other mechanisms may explain the lack of I¢yca) modulation in the presence of
caffeine. Icyca in salamander cones seems to correlate with increased [Ca2+]i near the
plasma membrane, which could possibly reach concentrations in the micromolar range.
For example, Ward and Kenyon (2000) have estimated persistent Cl(Ca) channel
activation with 0.5 uM free Ca’’ in avian sensory neurons. The use of caffeine alone
may not have increased submembrane [Ca2+]i enough to increase Icyca amplitude. In
fact, some studies have suggested that caffeine only raises [Ca®']; by approximately 200-
600 nM in neurons (Thayer et al., 1988b; Mironov et al., 1993; Shmigol et al., 1995;
Yoshizaki et al., 1995), probably a concentration not high enough to activate Icyca). In

addition, Ca’*-imaging studies in neurons suggest that high [Ca*'};

following exposure to
caffeine does not reach submembrane regions (Hernandez-Cruz et al., 1990; Mironov et
al., 1993). In salamander, Krizaj et al. (2003) demonstrated that caffeine did not evoke

an increase in [Ca®'}; in inner segments of cones. PMCAs extrude Ca® from the cone

inner segment and synaptic terminal region (Krizaj and Copenhagen, 1998). It was
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suggested that Ca®" extrusion via PMCAs was particularly efficient in cone inner
segments, thereby masking the caffeine-evoked increase in Ca®" levels. The authors used
the PMCA inhibitor lanthanum (La3+) to reveal this effect. However, this unmasking
technique could not be used in the present study, since La’" produced complete and
irreversible inhibition of Icica), probably due to its well-known blocking effect on
voltage-gated Ca channels (Hagiwara and Takahashi, 1967). Although caffeine- and
ryanodine-sensitive Ca>" stores in neurons may be subjected to CICR mechanisms (Friel
and Tsien, 1992; Marrion and Adams, 1992), a physiological role for these stores in cone

photoreceptors has not been described.

6.2.4 Cl(Ca) channels are likely not regulated by IP;-sensitive Ca®" stores
Phospholipase C beta (PLCP) hydrolyzes membrane phospholipid PIP, to
generate IP3 and DAG (Berridge et al., 2000). Different studies suggest that PLC may be
constitutively stimulated by ¢cGMP and Ca’' in the photoreceptor outer segment
(Ghalayini and Anderson, 1987; Haque et al., 1998). It remains unclear, however, which
isoform of PLC is expressed in cone photoreceptors and whether PLC is found at
synaptic terminal. A study by Gan and Iuvone (1997) suggested the activation of PLC in
photoreceptor inner segments, and possibly synaptic terminals, via Ca®" influx through
dihydropyridine-sensitive channels. In addition, different retinal neuromodulators, such
as dopamine, could also contribute to IP3 synthesis (Jin et al., 2003). Although dopamine
D1, D2, and D4 receptor subtypes have been localized to both rod and cone
photoreceptor inner segments (Cohen et al., 1992; Hare and Owen, 1995; Krizaj et al.,

1998), dopamine-mediated IP; production has yet to be established in cone
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photoreceptors. Dopamine production in the retina is thought to originate from specific
subpopulations of amacrine, interplexiform, and bipolar cells (Krizaj and Witkovsky,
1993; Hare and Owen, 1995).

Although the production of IP; in cone photoreceptors remains unclear, Peng et
al. (1991) localized expression of IPsR to the salamander photoreceptor synaptic
terminal. The specific association of IP; receptors with synaptic terminals suggests a role
for IP; in synaptic modulation, especially with respect to transmitter release. However,
Ca*' release from IP;-sensitive Ca®' stores generally did not modulate Icycs in this
dissertation. Only on one occasion in my work, when cellular [Ca®']; was probably
disturbed, did the presence of IP; modulate Icyca). Activation of Icica) by Ca®" released
from IP;-sensitive stores in cultured DRG neurons has also not been consistently
demonstrated (Currie and Scott, 1992). The lack of IPs;-induced modulation of I¢yca in
salamander cone photoreceptors could be due to the high level of Ca**-binding proteins
in these neurons, low IP; receptor density, or the size and distribution of Ca®" stores
relatively far from the synaptic terminal. Photoreceptor ER in lower vertebrates is mostly
located at the subellipsoid region and not at the synaptic terminal, which could explain
the present results. In addition, rapid Ca?* clearance upon release from internal stores via
transporters and pumps, as previously mentioned, may contribute to Ca>* buffering to

resting levels in cone photoreceptors.

6.3 Ca”" released from caffeine-sensitive stores contributes to Icica) regulation
only when Ca’" levels are increased

Ca®" stores in general do not contribute to submembrane [Ca®']; in salamander

cone photoreceptors. However, caffeine-sensitive stores may influence submembrane
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[Ca’']; when [Ca®']; is enhanced, such as during repetitive depolarizing pulses that cause
Ca®" influx through voltage-gated Ca channels. Repetitive depolarizing pulses (steps to -
20 mV from a holding potential of -60 mV repeated between 1 and 5 sec) caused a
cumulative increase in the Ca**-activated CI tail currents, which has been referred to as
current ‘build up’ (Barnes and Hille, 1989). This increase in current is thought to reflect
a localized increase in [Ca®'}i, which is caused by reduced Ca®"-buffering and/or
diffusion. The available mechanisms for rapidly removing Ca®* from the area near the
membrane, the PMCAs, become saturated by the repeated depolarizations, which
continually allow Ca’' to enter the cell (Barnes and Bui, 1991). In the present study,
current increase caused by repetitive depolarizing pulses was enhanced in the presence of
caffeine. Ca’’ release from caffeine-sensitive stores most likely modulated Icyca) by
raising global free Ca®" levels, thereby saturating mechanisms responsible for resetting
[Ca®™"]; back to resting levels. Repetitive depolarizing pulses may also have increased
luminal ER Ca®" levels, which greatly enhance caffeine to produce full depletion of stores
(Shmigol et al., 1996). In addition, store-operated channels (SOCs) may have contributed
to the increased Icyca) under these conditions. Ca*" influx through SOC occurs via an
unknown mechanism when Ca®" stores become depleted (Putney, 1986; Putney, 1990).
Store-operated Ca®" entry (also called capacitive Ca®" entry) has not been described in
salamander cone photoreceptors. Whatever the mechanism, sustained activation of Icica)
was followed by irreversible inhibition of the current. Icycay inhibition following
persistent activation, as seen in the present study, is suggested to be regulated in part by
the Ca*'-dependent phosphorylation state of the Ca channel or related proteins, which is

described below.
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64  High [Ca’*|-induced inhibition of Icyca

When the overall [Ca*']; was strongly increased in cones, i.e. following [Ca®'];
overload at the submembrane level, Icics was inhibited. This process, which was
referred to as ‘high [Ca®*]i-induced inhibition’ in this dissertation, has so far not been
addressed in the literature. Mechanisms underlying high [Ca®'}-induced inhibition of
Icicay 1s in part mediated via the dephosphorylation of voltage-gated Ca channels at the
plasma membrane. Inhibition of voltage-gated Ca channels would prevent
depolarization-induced Ca®" influx and subsequent Cl1(Ca) channel activation. However,
a more direct inhibitory pathway on the CI(Ca) channels was suggested with experiments
using ionomycin to activate Icycs. High [Ca*]-induced inhibition of Icicay may
therefore involve a fast inhibitory mechanism on voltage-gated Ca channels, followed by

slower inhibition of Cl(Ca) channels.

6.4.1 Caffeine-sensitive stores regulate Icics) when submembrane [Ca®']; is
overloaded

Increased Icica) followed by inhibition was observed with repetitive depolarizing
pulses at 1 sec intervals in the presence of caffeine. Krizaj et al. (1999) showed via Ca?*-
imaging experiments that caffeine evoked a transient increase in [Ca®'};, which was
followed by a prolonged depression of [Ca®']; in salamander rods, somewhat similar to
the present results in cones when protocols aimed at increasing [Ca>'}; were used in the
presence of caffeine. The authors rule out voltage-gated Ca channels as the only source
of [Ca™"]; depression and propose that a release-activated Ca’’ transporter (RACT), the
identity of which is unknown, is responsible for the depressed [Ca®"]; following Ca*'-

. o’ N . +
release from caffeine-sensitive stores. Caffeine-induced Ca*' release from stores has
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been suggested to stimulate Ca’*-reuptake into the ER in other cells (Friel and Tsien,
1992; Orkand and Thomas, 1995; Cseresnyes et al., 1997; Lara et al., 1997; Golovina and
Blaustein, 1998). Therefore, the inhibition seen after caffeine application during
repetitive depolarizing pulses could reflect caffeine-induced depletion of Ca" stores,
which stimulate Ca®" reuptake into these compartments and removal from the cytosol.
However, although RACTs have yet to be identified in salamander cones, this system
alone is probably not responsible for the lack of CI(Ca) channel activation, which likely
reflects reduced submembrane [Ca®'}. Therefore, the combined effects of systems
responsible for Ca®' clearance from submembrane levels, such as PMCAs and Ca**-
binding proteins, would likely be needed to explain Icycq) inhibition. However, Icica)
inhibition may also be explained by high [Ca**}i-induced inhibition of mechanisms

involved in CI(Ca) channel activation.

6.4.2 Mechanisms involved in I¢yca) activation may be disrupted by high [Ca®'};
Under control conditions, repeated strong depolarizations (believed to increase
[Ca®']), resulted in sustained Icycs activation, which was followed by a significant
inhibition. The inhibition seen following this protocol was referred to as ‘high [Ca®');-
induced’ inhibition of Icyca). Icica) reduction following repeated strong depolarizations
was greater in the presence of SERCA pump inhibitors, consistent with the idea that the
inhibition of Icyca) is due to increased intracellular Ca®* levels. Mechanisms responsible
for high [Ca*'}i-induced inhibition of Icica), however, can only be speculated. High
submembrane Ca?" levels may down-regulate voltage-gated Ca channels, thereby

inhibiting depolarization-evoked Ca®' influx and Igycy activation. However, althou
g dep ( (Ca)
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inhibited, Icica) is not abolished after repeated strong depolarization, and therefore, Ca
channels are not completely ‘non-conducting’. Another explanation for high [Ca™")i-
induced inhibition of Icyca) involves the activation of some mechanisms that reduce the
number of CI{Ca) channels (internalization), reduce their open probability or lower their

sensitivity to [Ca2+]i.

6.4.3 Phosphorylation mechanisms affect Cl(Ca) channel activation

The effects of phosphorylation on CI(Ca) channel deactivation was also
examined. Repetitive strong depolarizations were tested in the presence of the protein
kinase inhibitor H-8. When phosphorylation was prevented with H-8, repetitive strong
depolarizations induced a positive shift in Ca channel activation and irreversibly inhibited
Icica)- The contribution of dephosphorylation mechanisms to voltage-gated Ca channel
inhibition and subsequen:t Ici(ca) reduction with no recovery, was also shown with okadaic
acid, a type 1 (PP1) and 2A (PP2A) protein phosphatase inhibitor. Ca channel activity
was increased under phosphorylating conditions and inhibited under dephosphorylating
conditions due to negative and positive shifts in the channel activation curve,
respectively. This general view of the roles of phosphorylation and dephosphorylation in
L-type Ca channel regulation, via a diversity of signaling pathways, is well established in
different systems (Gutierrez, 1994; Groschner et al., 1995; Kamp and Hell, 2000).
Equilibrium between levels of active PKA and phosphatases (PP1, PP2A) thus seems
responsible for Ca channel tuning. L-type Ca channels in photoreceptors are regulated by
G protein-coupled receptors via multiple cAMP/PKA pathways (Stella and Thoreson,

2000; Stella et al., 2002). For example, Stella et al. (2002) suggested that activation of
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adenosine (A;) receptors in salamander rods stimulates PKA, which inhibits L-type Ca
channels. In addition, Rabl and Thoreson (2002) demonstrated Ca’’-dependent
inactivation of L-type Ca channels in rods, although phosphorylation and
dephosphorylation were not investigated in this regard. The results presented in the
present dissertation confirm that protein kinases and phosphatases regulate L-type Ca
channels in cone photoreceptors. These results suggest the presence of basally active
protein kinases and phosphatases regulating voltage-gated Ca channels in salamander
cones. A balance between basal phosphorylation-dephosphorylation turnovers must be
responsible for the modulation of synaptic transmission at the photoreceptor terminal.
The specific mechanisms by which the Ca channel activation state is modulated by
phosphorylation, either directly on the channel itself or through intermediate
mechanisms, remains to be investigated. Dephosphorylation that leads to inhibition of Ca
channels under conditions of high intracellular Ca®" could represent an effective

protective mechanism for photoreceptors.

6.4.4 Direct Cl(Ca) channel inhibition may explain Icycas inhibition when
submembrane Ca’* levels are elevated

The CI(Ca) channel I-V relation, which exhibited some outward rectification, was
similar under the repeated strong depolarization paradigm and when [Ca®'}; was
increased with the Ca®' ionophore ionomycin. The ionomycin-evoked current reversed
near the predicted Eci. The increase in Igyca) in the presence of ionomycin could be
explained by ionomycin-mediated Ca®* movement across the plasma membrane;
however, Ca>" influx through SOCs may also be involved. The activation of SOC at the

plasma membrane, following depletion of internal Ca®* stores, has previously been

204



shown to modulate Cl(Ca) channels in Xenopus oocytes (Thurman, 2000). However, in
the presence of ionomycin, oocyte Icics is characterized by a ‘fast’ and ‘slow’
component, quite different from what is seen in cones. The fast component reflects Ca*
release from internal stores, whereas store-operated Ca®" entry is responsible for the slow
component (Yoshida and Plant, 1992; Morgan and Jacob, 1994). The presence or
absence of SOCs remains to be investigated in salamander cone photoreceptors. In the
present dissertation, although [Ca®']; was increased in a sustained manner in the presence
of ionomycin, persistent Icyca activation was followed by inhibition. Since Icica)
activation does not depend on depolarization-evoked Ca®’ influx in these conditions,
mechanisms other than voltage-gated Ca channel dephosphorylation, including direct
inhibition of CI{Ca) channels or proteins involved in their activation, may contribute to
‘high [Ca®*}-induced” Icycs inhibition.

Whether the mechanism by which Icyca is inhibited following the different
conditions used in the present study (i.e. repetitive depolarizing pulses, repeated strong
depolarizations, and ionomycin) is the same is unknown. However, in all cases,
abnormally high levels of [Ca®'}; seemed to be required. Since Ic, appeared to be
reduced before Icyca), a fast inhibition on Ca channels followed by a slower Cl(Ca)

channel inhibition is suggested.
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Chapter 7

Conclusion
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Although the dependence of Icyca) activation on [Ca2+]i has been characterized,
little is known about the role of Ca®" stores in the gating of Icyca. The present
dissertation investigated the contribution of both ryanodine and IP; receptor-gated Ca®'
stores in tiger salamander cone photoreceptors. The coupling of Ca** entry via L-type Ca
channels, and CI(Ca) channel activation was found to be saturable, but generally defined
by diffusion from submembrane microdomains. The duration of Icyca) activation is
suggested to be set by the rate at which the submembrane intracellular Ca*' load is
brought back to resting levels. Icyca reflects the Ca® concentration close to the
membrane and can therefore represent a physiological index of [Ca®*']; and its handling in
this microdomain. While the presence of caffeine- and IP;-sensitive Ca®" stores in cone
photoreceptors was confirmed, it was found that the stores had little effect on normal
CI(Ca) channel gating. However, intracellular stores do contribute to cellular Ca®*
concentration and its effect on Icica. When high levels of [Ca2+]i were achieved via
simultaneous [Ca®J-loading and store emptying, inhibition of the mechanisms
underlying Icyca) activation occurred. This inactivation was shown to be due, at least in
part, to disrupted dephosphorylation mechanisms on voltage-gated Ca channels. CI(Ca)
channel inhibition via mechanisms other than voltage-gated Ca channel inhibition is also
proposed. This suggests a feedback mechanism by which sustained Ca*" influx, which is
maximal in darkness, can cause the release of Ca?" from internal stores, but creates
inhibition of Ca channels during periods of high intracellular Ca®** and maintain a

dynamic equilibrium.
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7.1 Future studies

The data collected in the present dissertation were interpreted based on the
following model: In cone photoreceptors, Icyca) activation arises following
depolarization-evoked Ca®* influx through voltage-gated L-type Ca channels, which are
located in close proximity to Cl(Ca) channels at the plasma membrane. Upon Ca*
influx, a ‘microgradient’ is formed as the concentration of Ca*" ions extend away from
the site of entry. The duration of Igyca) closely reflects the interval of elevated [Ca2+];
close to the plasma membrane above threshold for current activation. When all available
CI(Ca) channels are activated and when all Ca®" binding sites are saturated, sustained
Icicay activation follows. However, when global [Ca2+]i is excessively elevated, Icica) 1S
inhibited. To test the regulation of Icyca) by [Ca2+]i, high temporal and spatial resolution
Ca®*-imaging techniques are needed to measure differences in submembrane Ca’* levels
and correlate them with changes in whole-cell Icyc,). Combined patch-clamp and Ca*'-
imaging experiments are necessary to observe expected simultaneous changes in [Ca™"];
and whole-cell Icyca) during different voltage-step protocols, as used in the present study.
In addition, understanding the state of the Ca®' stores (degree of loading vs. rate of
leakage) will allow a more accurate interpretation of the present results. Free [Ca®'];
measurements inside the endoplasmic reticulum have previously been reported (Montero
et al.,, 1995; Barrero et al., 1997; Montero et al., 1997), suggesting that accurate
measurement in highly restricted cellular compartments are feasible. The authors used a
recombinant form of the Ca’" binding photoprotein, aequorin, to measure Ca’*

subcompartments in the ER of HeLa Cells. However, very high ER Ca®" levels (>100

uM) cannot be accurately measured with this technique.

208



Although the results from the present dissertation have addressed some
characteristics of Icyca), additional work is needed to better understand their role in cone
photoreceptors and recognize Cl'-dependent functions at the inner segments and synaptic
terminals. However, a thorough pharmacological profile cannot be developed in the
absence of highly specific blockers. Specific channel blockers with high binding affinity
and high selectivity are currently unavailable for different classes of Cl channels,
including Cl(Ca) channels. Although the venoms of various animals have developed
highly effective toxins against other channel types (i.e. Na, K, and Ca channels), none
have yet been discovered for Cl(Ca) channels. Given the low specificity of available Cl
channel blockers, pharmacological studies should be interpreted with care. A potent and
selective pharmacological tool would greatly help in the identification of the
physiological function of Cl(Ca) channels in neurons (see below). Another important
future study, also discussed below, will be to determine the molecular identity of
channels responsible for Icics. The mechanism of activation (i.e. directly by Ca*" or by
phosphorylation) of Cl(Ca) channels is still unknown. Finding regulatory sites
(phosphorylation, Ca*" itself and Ca*'-binding protein sites) will contribute to our
understanding of channel activation and inactivation. Investigations incorporating the
techniques of molecular biology will be to identify functionally relevant areas on the
protein, or additional subunits required for Ca®* sensitivity, and to identify the

physiological role of these channels in the nervous system.
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7.2 Finding the major functional role for Cl(Ca) channels in cone photoreceptors

Icicay is @ prominent ionic current in cone photoreceptors. Although some of the
pharmacological and biophysical properties of Icyca) have been characterized (Maricq and
Korenbrot, 1988; Barnes and Hille, 1989; Barnes and Bui, 1991; Thoreson and
Burkhardt, 1991), the major role of Cl(Ca) channels 1s still unclear. Photoreceptors are
hyperpolarized by light. Following light stimulation, cyclic-nucleotide gated channels
(CNGCs) in the outer segment close and Ca?" influx ceases, but extrusion at the inner
segment continues, greatly decreasing [Ca®"}i. In saturating light, Ca®" levels in cone
inner segments may be as low as 10-50 nM (Krizaj and Copenhagen, 1998; Sampath et
al., 1999). Therefore, Icicay must play a minor role under these conditions. In the dark,
[Ca2+]i is high (Ratto et al., 1988; Gray-Keller and Detwiler, 1996). Therefore, the Ca*'-
activated CI” conductance would be highest in darkness when voltage-gated Ca channels
and light-sensitive cation channels are open, and lowest in bright light when both are

closed.

7.2.1 Icyca may play a significant role in mediating the effects of synaptic
feedback from horizontal cells during surround illumination of a cone

Icicay appears to be involved in stabilizing the presynaptic membrane potential,
especially under specific conditions, such as during surround illumination of a cone
photoreceptor. Lateral inhibitory interactions are essential for the center-surround
antagonistic receptive field organization of neurons in the retina. Several retinal neurons
have ON- or OFF-center receptive fields with an antagonistic surround, which were

discovered by Kuffler (1953). Receptive fields are created by surround-induced
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inhibitory feedback to improve edge detection, create colour opponency, and enhance
contrast. Cone photoreceptors hyperpolarize in response to a light stimulus. However,
these cells are subject to lateral inhibition in which slight depolarizations, resulting in a
decreased light responsiveness, occur during the surround, or diffuse illumination of a
cone (Baylor, 1971). Horizontal cells have large receptive fields and therefore can
integrate a visual stimulus over a large area to provide negative feedback signals to cones
via their laterally positioned dendrites embedded at the cone pedicle (O’Bryan, 1973;
Verweij et al., 1996; Kraaij et al., 1998). This was well illustrated in a current-clamp
experiment by Hirasawa and Kaneko (2003), where central cone photoreceptors
hyperpolarized to a spot of light but slightly depolarized upon addition of diffuse
illumination. The feedback response results in a membrane conductance increase of the
central cone (O’Bryan, 1973; Piccolino and Gerschenfeld, 1980; Lasansky, 1981). It is
now known that the targets of the feedback response from horizontal cells to cones during
surround illumination are the presynaptic Ca channels. Although the identity of the
feedback messenger is still controversial, it has been well established that the feedback
response during surround illumination leads to a shift in the Ca channel activation curve
to more negative potentials, which results in Ca®" influx. In addition to increasing Ca
channel activity at the plasma membrane, feedback during surround illumination also
increases a Cl' conductance and this has been shown by various studies, from turtle to
primate (O’Bryan, 1973; Lasansky, 1981; Burkhardt, 1988; Verweij et al., 1996; Kraaij et
al., 1998; Verweij et al., 2003). Therefore, horizontal cells provide surround inhibition to

cone photoreceptors in part by modulating Ca and CI(Ca) channel activation.
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7.2.2 The role of Icyca) during the feedback response depends on E¢;

Broad field or surround light stimuli strongly hyperpolarize horizontal cells and
this causes, via the feedback synapse, an increase in both Ca channel and CI(Ca) channel
activity. The movement of CI' in and out of cells, and therefore, the polarity of the
membrane potential response to Cl(Ca) channel activation, depends on the CI
equilibrium potential (Ec)). The value of E¢; in cone photoreceptors is not known but has
been estimated at values ranging from -65 mV to -36 mV (Attwell et al., 1983; Kaneko
and Tachibana, 1986; Thoreson and Burkhardt, 1991; Kraaij et al., 2000; Thoreson et al.,
2000). During surround illumination, if Ec; is positive to the resting membrane potential,
the CI' conductance will enhance and prolong the depolarization created by Ca®" influx.
However, if E¢) is more negative, Cl' influx will stabilize the presynaptic membrane
potential, allowing an increase in glutamate release via the increase in [Ca’'};, but
preventing a large depolarization (Maricq and Korenbrot, 1988; Barnes and Deschenes,
1992; Yagi and MacLeish, 1994). Agreement on Ecj, which determines direction and
amplitude of CI currents, is a key parameter for understanding the physiological function
of Cl(Ca) channels. A recent paper by Thoreson and Bryson (2004) investigated E¢; in
red-sensitive large single cones from tiger salamander retinal slice. Using both patch-
clamp and Cl-imaging experiments, their results indicate that Ec, is very close to the dark
resting potential, which sat at around -46 mV under their experimental conditions. These
data suggest that activation of Cl(Ca) channels in cones when the cell is at its resting

2
+]i

potential (although [Ca“"]; is highest in darkness) would result in minimal intracellular CI’

changes and stabilization of membrane potential.
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Local variations of E¢; exist within cells (Vardi et al., 2000). Approximating a
value for E¢; at an electrically isolated area, such as the cone pedicle, to predict the
direction of current flow for the cone photoreceptor Cl(Ca) channel is not
straightforward.  However, Icyca appears to play a role in limiting membrane
depolarization during periods of significant Ca®" influx, such as during feedback
responses, where neurotransmitter release is increased without significant changes in
membrane potential. Therefore, to stabilize presynaptic depolarizations, Ec; is likely to
be more negative than the membrane potential, in which case Ca*" influx through
voltage-gated Ca channels activates Cl(Ca) channels and facilitates an outward CI’
current (influx of CI ions). However, unless a physiological value is indisputably
obtained, the direction of the conductance and its role in the feedback mechanism

between horizontal cells and cone photoreceptors, will remain unknown.

7.3  Finding the molecular identity for CI(Ca) channels in cone photoreceptors
The molecular identity for CI(Ca) channels, as well as accessory proteins involved
in Cl(Ca) channel expression and function in cone photoreceptors, has not yet been
resolved. Revealing the molecular identity of CI(Ca) channels is important for
understanding their distribution, physiological function, and possible role in disease.
Although whole-cell I¢yca) seems similar in different tissues, several functional aspects,
such as single channel properties (i.e. conductance, rectification, voltage-dependence,
sensitivity, antagonists, CaM dependence), point to a considerable molecular diversity

among Cl(Ca) channels.

213



Molecular candidates for CI{(Ca) channels include members of the CIC family of
Cl channels (i.e. CIC-3), the bestrophin family, and the CLCA family. The CIC family of
Cl channels has been well characterized, although the function of CIC-3 remains
controversial (Duan et al., 1997; Stobrawa et al., 2001; Vessey et al., 2004). Although
CIC-3 channels have been shown to be localized in the outer plexiform layer, where cone
photoreceptor synaptic terminals reside, the present study suggests that CIC-3 channels
are not responsible for cone Icyca) as a polyclonal antibody directed towards CIC-3 did
not reduce Icyca). Bestrophins form a newly identified family of Cl channels (Sun et al.,
2002) and are therefore less understood. These proteins, which are the product of the
vitelliform macular dystrophy (VMD2) gene, have been identified as Ca**-activated CI°
channel (Sun et al., 2002; Tsunenari et al., 2003; Qu et al., 2004). Although bestrophins
have been shown to be sensitive to [Ca2+]i, whether they are related to the CI(Ca)

channels of interest in the present study remains to be studied.

7.3.1 1Is the channel responsible for Icyca) 2 member of the CLCA family?

Several members of the CLCA gene family have been cloned from different
mammalian species (i.e. bovine, mouse, and human). The very first gene encoding a
Cl(Ca) channel was cloned by Cunningham et al. (1995) from bovine tracheal epithelium
(bCLCAI). The primary structure of bCLCAI shows no similarity to any other cloned CI'
-selective channel. Analysis of the primary amino acid sequence of cloned bCLCAI
predicts at least four putative transmembrane domains with extracellular N and C
terminals, and structural models suggest that it co-assembles as a homotetrameric protein

complex (see review by Jentsch et al., 2002). Since the identification of bCLCAL1, a new
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family member called lung-endothelial cell adhesion molecule-1, an endothelial adhesion
protein that mediates cell adhesion of metastasic tumour cells, (Lu-ECAM-1; also called
bCLCA2) was cloned from bovine aortic endothelial cells (Elble et al.,, 1997). In
addition to the two bovine isoforms, three mouse (mCLCA1, Gandhi et al., 1998; Romio
et al., 1999; mCLCAZ2, Lee et al., 1999; and mCLCA3, also called gob-5, Komiya et al.,
1999), and four human (hCLCA1, Gruber et al., 1998b; hCLCA2, Gruber et al., 1999;
hCLCA3, Gruber and Pauli 1999; hCLCA4, Agnel et al., 1999) CLCA family members
have also been cloned. More recently, a pig CLCA protein (pCLCA1) has been cloned
and shown to be located in several porcine exocrine tissues (Gaspar et al., 2000).
Although members of the CLCA family have been identified in different
mammalian species, the biophysical properties of these channels may differ from those of
salamander cone Cl(Ca) channels when expressed in a heterologous system. For
example, when expressed in Xenopus oocytes, bCLCA1 is characterized by an outwardly
rectifying CI” conductance, which is observed without raising [Ca*']; (Qu and Hartzell,
2000). On the other hand, currents in transfected in COS-7 cells are characterized by a
linear /- relation and are only observed upon raising [Ca®'}; (Cunningham et al., 1995).
Once the molecular identity is established, site-directed mutagenesis, cloning, and
expression studies will enable investigators to link structural features to functional

properties of Cl(Ca) channels.
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Appendix 1

L + L] . o
Ionomycin Increases [Ca®"]; in a Sustained Manner in

Salamander Cone Photoreceptors

Appendix 1 has been previously published in the following publication:
Lalonde MR, Barnes S. 2004. Inhibition of Cl(Ca) Channels in Response to High

Intracellular Calcium Levels Due to Dephosphorylation-Mediated Ca channel Inhibition
in Cone Photoreceptors. Society for Neuroscience, E-Abstract 65.12.
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Goal: Investigate [Ca’ ; changes in salamander cone photoreceptors in the presence of
Loal: g g p p p

. . . 24 . . .
ionomycin using Ca” -imaging experiments.

Methods: Isolated salamander cone photoreceptors were loaded with the ratiometric
calcium indicator dye Fura-4F (5 pM; 30 min incubation at room temperature).
Ionomycin (10 uM) was added to the standard extracellular solution, which was delivered
by a peristaltic pump. Changes in fluorescence before and during ionomycin superfusion
were captured using a Sensicam cooled CCD camera following excitation at 340 and 380
nm (emission 510 nm). An increase in the Fura-4F ratio (340/380 nm) is indicative of

increased [Ca2+]i.

Results: Ionomycin increased [Ca2+]i in a sustained manner in all cells tested (n=4). On

average, the measured ratio after 4 min of 10 pM ionomycin superfusion was 1.33 £ 0.11
compared to 0.24 + 0.01 at baseline (n=4). A representative example is shown in the

figure below, where the Fura-4F ratio is plotted against time.

Acknowledgment: I would like to thank Andrew Hartwick for performing these

calcium-imaging experiments.

217



Appendix 1

10 uM lonomycin
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Appendix 2

IP;-Induced Oscillations in I¢yca)

Appendix 2 has been previously published in the following publications:

Lalonde MR, Barnes S. 2003. Contribution of Calcium Stores to Activation of Chloride
Current in Cone Photoreceptors. Society for Neuroscience, E-Abstract 791.18.

Lalonde MR, Barnes S. 2004. Inhibition of Cl{(Ca) Channels in Response to High

Intracellular Calcium Levels Due to Dephosphorylation-Mediated Ca channel Inhibition
in Cone Photoreceptors. Society for Neuroscience, E-Abstract 65.12.
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Goal: To demonstrate how inositol trisphosphate (IP3;), which generally did not
modulate Ca*"-activated CI” currents in cone photoreceptors (see Chapter 4; Section 4.2,
Fig. 4.2), induced notable I¢ycs) oscillations in one out of six recordings from cones under

the same conditions.

Methods: In the presence of IP; (100 uM; introduced with the recording pipette
solution) this cell was held at -60 mV and subjected to the standard depolarizing protocol,
which consisted of 10 mV voltage steps of 100 ms duration, from -70 mV to +60 mV

every 5 sec.

Results and Discussion: The time course of current amplitude (current remaining

plotted against time) illustrates the IPs;-induced self-regenerating cycles in the current
during the step to -20 mV and the corresponding Ca**-activated CI  tail, which was
recorded at -60 mV. The current traces and I-V relations at four time points (indicated in
A) are highlighted in B and C, respectively. With IP; in the recording pipette solution,
the current oscillated through different states. The current, which was of normal
appearance 4 min following rupture of the whole-cell patch (solid line), was greatly
enhanced at both the depolarizing voltage step and corresponding Ca**-activated CI tail
5.5 min post-rupture (dotted line;‘B). At 6.5 min following rupture of the whole-cell
patch (dashed line), the current recorded during depolarizing voltage steps was reduced.
However, sustained activation of Icyca) was recorded at this time, which usually reflects
a high [Ca®"]; in the submembrane microdomains. Alternative interpretations, including

IP;-induced long-lived open states of Cl(Ca) channels, are possible. The large Ca**-
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activated CI” conductance is reflected in the I-V relation as the current reverses close to
Ec; at 0 mV (dashed line; C). These data suggest that that the inhibited state of whole-
cell current at 6.5 min was initiated via a decrease in Ca®* influx through voltage-gated
Ca channels. Interestingly, 8 min post-rupture (dotted dashed line), the Ca**-activated CI
tail current was completely inhibited, and inward current measured during depolarizing
voltage steps to -20 mV was abolished. The inhibition of voltage-gated Ca channels,
indirectly inhibiting the activation of Cl(Ca) channels at the plasma membrane, is a likely

explanation for the inhibition of Icyca).

Conclusion: IP; induced oscillations in CIl(Ca) channel activation that ranged from
maximum activation to complete inhibition within an approximate period of 3 minutes,
was observed in one out of six recordings from cones. The present results are consistent
with the presence of IPs-sensitive Ca®* stores in cone photoreceptors (Peng et al., 1991;
Stella et al., 2003). The reason why Ca”" ions, released from IP;-sensitive Ca®" stores,
reached the submembrane level at a concentration high enough to modulate Icyc,) in this
particular cell is unknown and the interpretation of the oscillations can only be
hypothesized. The regenerative release of Ca>" from IPs-sensitive Ca®" stores (Berridge,
1993) is a plausible explanation for the observed oscillations in Icyca. Rhythmic Ca*"
release and re-uptake induced by IP; receptor activation have been described in a host of
cell types (Berridge, 1993). The release of Ca®" from IP;-sensitive Ca®" stores may have
a positive feedback effect of [Ca®']; on the IP; receptors located at the endoplasmic

reticulum membrane, causing them to cycle through Ca>" release refractory periods.
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Appendix 2 On one occasion, IP; produced oscillating responses in Icica), possibly
reflecting changes in [Ca’'}; at the submembrane level. A cone photoreceptor was
subjected to successive depolarizing voltage steps elicited by the standard depolarizing
protocol in the presence of IP; (100 pM in the pipette solution). (A) Time course of
current remaining (expressed as a percentage of control) measured during depolarizing
voltage steps to -20 mV (Steps; black circles) and during repolarization following those
steps (Tails; white circles). In the preseiice of IP3, Icyca) oscillations were observed. (B)
Current traces elicited by -20 mV depolariziﬁg voltage steps at the corresponding time
points identified in (A). In the presence of IPs, the cell oscillated through four different
states. Both step and tail currents, which were of normal appearance at 4 min post-
rupture (solid line), were increased at 5.5 min following rupture of the whole-cell patch
(dotted line). At 6.5 min post-rupture, although the current measured in response to the
depolarizing voltage step to -20 mV was reduced, Icyca) was fully activated as the Ca*'-
activated CI tail current was non-deactivating (dashed line). At 8 min post-rupture, both
the current measured at the depolarizing voltage step and Ca**-activated CI tail current
were abolished (dotted dashed line). (C) Leak-subtracted I-¥ relations of the current
measured at depolarizing voltage steps, corresponding to the time points identified in (A).
At 4 min post-rupture (solid line), the typical I-V relation, reflecting a combination of I¢,
and Icyca), was increased 1.5 min later (dotted line). At 6.5 min, the /-V relation reversed
close to Ecy at 0 mV, reflecting the large Icica) contribution. The strong inhibition at 8
min (dotted dashed line), is shown in the I-V relation, where no inward current can be

detected.
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Appendix 2

IP5 in pipette solution
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