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1. ABSTRACT

In this review we describe some of the
remarkable and intricate mechanisms through which the
calcium ion (Ca?*) contributes to detection, transduction
and synaptic transfer of light stimuli in rod and cone
photoreceptors. The function of Ca®* is highly
compartmentalized. In the outer segment, Ca®* controls
photoreceptor light adaptation by independently adjusting
the gain of phototransduction at several stages in the
transduction chain. In the inner segment and synaptic
terminal, Ca* regulates cells metabolism, glutamate
release, cytoskeletal dynamics, gene expression and cell
death. We discuss the mechanisms of Ca?* entry, buffering,
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sequestration, release from internal  stores and cat
extrusion from both outer and inner segments, showing that
these two compartments have little in common with respect
to Ca®* homeostasis. We also investigate the various roles
played by Ca®* as an integrator of intracellular signaling
pathways, and emphasize the central role played by Ca?* as
a second messenger in neuromodulation of photoreceptor
signaling by extracellular ligands such as dopamine,
adenosine and somatostatin. Finally, we review the intimate
link between dysfunction in photoreceptor Ca®*
homeostasis and pathologies leading to retinal dysfunction
and blindness.
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2. INTRODUCTION

The calcium ion (Ca®") is a major messenger for
coordinating activity of eukaryote cells. Its extensive
distribution and functioning as a control ion is common to a
huge range of eukaryote cell types from animal, plant or
fungal sources which diverged hillions of years ago. The
signaling potential of Ca?* is linked to the ability of cells to
maintain a large concentration gradient between the cytosol
(with basal Ca®* levels typically ~ 50 nM) and the
extracellular media (with Ca®*~1.5 mM). Because of this
10,000-fold difference in [Ca?*]i between the cytosol and
the extracellular space, Ca®* influx across the plasma
membrane and Ca* release from intracellular stores may
produce large fluctuations of free cytosolic Ca* (1).
Anocther important feature of Ca?* homeostasis is that
[Ca?"]i elevations in the cell can be highly localized. We
now know that the diffusion of Ca?* within the cytosol is
much slower than that of other intracellular messengers (2,
3). Ca?* is thus able to regulate a variety of different
functions in different parts of the cell. Such selective action
of Ca®* is facilitated by Ca®*-binding proteins which are
often localized to specific sites mediating individual
functions (4). To understand Ca?* signaling, it is therefore
essential to map the spatial distribution of Ca* effector
proteins such as Ca®* channels, Ca®* pumps, cytoplasmic
buffers and intracellular Ca?* stores. This is especially true
for primary sensory neurons, such as olfactory cells, hair
cells, electroreceptors and photoreceptors which are
composed of different functional compartments.

Anatomically, primary sensory neurons are
notable for their compartmentalization into input (sensory)
and output (synaptic) regions. Different sets of lipid and
protein molecules are expressed in the two regions. The
sensory regions are enriched in protein cascades designed
to intercept and transduce specific environmental signals
while the output regions contain the synaptic release
machinery. Sensory systems such as vision and hearing
require extraordinary rates of information transfer and the
finest sensory discrimination (5). These requirements
guided the evolution of highly specialized mechanisms for
signal detection and transmission by primary sensory neurons.
Stimuli such as photons, pressure, odors or dectric fields are
transduced into changes in the potentia across the plasma
membrane, which in turn controls neurotransmitter release.
Ca* plays an essentia rolein both sensory transduction and in
synaptic transmission and is regulated by distinct and separate
signaling cascades in each region.

In this review we chose vertebrate photoreceptors
as a model for the role of Ca?* in regulating sensory
processing at the cellular level. We will describe some of
the remarkable and intricate roles that Ca®* plays as an
integrator of light adaptation as well as the fina common path
for regulating transmitter release by focusing on mechanisms
through which Ca2+ regulates the sensory input.

3. THE PHOTORECEPTOR LIGHT RESPONSE

Photoreceptors can be divided into two general
classes: (1) rods, which reliably signal single photon
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absorptions, are relatively dow in response to light
stimulation, exhibit a high sensitivity to light and thus
function as mediators of nocturna vision, and (2) cones,
which are less sensitive, faster and more noisy, mediate
color vision and operate optimally in bright daylight. The
basic components of the phototransduction cascade in rods
and cones are very similar. As discussed in more detail
below, many, if not most, known kinetic and sensitivity
differences between rod and cone phototransduction
machineries may be accounted for by the differences in
Ca®" regulation in rod and cone outer segments (OSs) (6 -
8; see below).

In the 1970s Tsuneyoshi Tomita and his
coworkers revolutionized sensory physiology by observing
that, in darkness, the resting membrane potentia of
photoreceptors is relatively depolarized at —35 to —40 mV.
They aso found that light hyperpolarized the membrane
potential to ~-70 mV (9). Photoreceptors therefore respond
to stimulation in the opposite way from most CNS neurons,
which tend to depolarize when activated. Another
unexpected finding by Tomita was that photoreceptors do
not signal with action potentials — instead, changes in the
intensity of the light stimulus are signaled by
photoreceptors as graded variations in membrane potential.
The graded nature of photoreceptor signaling allows
maximization of the rate of information transfer at the
photoreceptor synapse (5, 10).

Figure 1 shows a schematic view of a rod
photoreceptor. The cell consists of two distinct
compartments — (1) an “outer segment” (OS) which is
uniquely designed to carry out transduction of the photon
energy into an electrical signal, and (2) an “inner segment”
(1S), hosting the cells' metabolic and synaptic machinery.
Rod OSs are filled with disks (Figure 1), rather mysterious
intracellular organelles which contain a high density of the
visual pigment rhodopsin. Cone OSs possess a dightly
different visual pigment which isinserted directly into folds
of their plasma membrane. A thin nonmotile cilium links
the OS to the IS. The IS is sometimes thought to constitute
adelimited region of the photoreceptor between the OS and
the photoreceptor cell body. However, based on the
remarkable uniformity of the plasma membrane and
cytoplasmic constituents of the non-OS region (see below
Section 5) and the fact that identical voltage responses to
light stimulation can be recorded throughout the non-OS
part of rods and cones, this region can be seen as forming
a functionally integrated compartment (the inner segment)
composed of several highly morphologicaly and
functionally distinct subcompartments. These subregions
are responsible for crucia cellular functions such as gene
expression, protein synthesis, energy metabolism and
transmitter release. Such compartmentalization is a
characteristic feature of vertebrate primary sensory cells
(hair cells (11), olfactory cells (12-13)).

The OSs and ISs are composed of different sets
of membrane lipids and proteins. As a result, intracellular
signaling pathways and the time course of the light
response are  very different in both regions of the
photoreceptor (see below). OSs and ISs aso differ with
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Figure 1. Schematic structure of arod photoreceptor. The
cell is composed of an outer segment which is connected to
the inner segment via a thin connecting cilium. The outer
segment is filled with disks which contain the visual
pigment rhodopsin. The inner segment is composed of an
ellipsoid (containing the mitochondria and the endoplasmic
reticulum), the cell body and the synaptic terminal.
Adapted from (189).

respect to Ca®* regulation. Although in darkness both
regions are flooded with calcium (14-15), recent
experiments have shown that the mechanisms which
control the steady-state [Ca?*]i in each compartment (i.e.,
entry, extrusion and buffering of Ca?*) consist of separate
sets of proteins in both regions of the photoreceptor
(Sections 4.3 and 5.3). These alow [Ca?']i to be regulated
quasi-independently in each region.

[Ca?"]i in darkness is thought to range from ~300
to ~ 500 nM. These Ca®" levels are high enough to regulate
the phototransduction machinery in the outer segment and
transmitter release in the inner segment (see below) but are
a the same time low enough to prevent Ca®*-mediated
cytotoxicity. [Ca?']i increases above the 500 nM threshold
trigger apoptosis known to underlie many retinal and CNS
diseases (16-17). Because high [Ca?']i levels are neurotoxic

2025

(18-19) photoreceptors had to evolve efficient mechanisms
for Ca®* extrusion, buffering and Ca?" sequestration into
internal stores (7, 20-22). The kinetics of Ca®* removal also
determines the kinetics of exocytosis (22) and light
responses in postsynaptic horizontal and bipolar cells. Thus
light-evoked [Ca?"]i decrease in the OS and IS (14-15, 23)
congtitutes a main pathway by which information about
light intensity is used to adjust both the sensitivity and
kinetics of the phototranduction cascade as well as the
sengitivity of glutamate release (23-27; see below Sections
4.1 and 6).

4. CALCIUM AND THE OUTER SEGMENT

A sketch of the biochemical machinery involved
in the phototransduction process is shown in Figure 2 [for
detailed recent reviews on phototransduction see (24, 26,
28)]. In darkness, the photoreceptor is continualy
depolarized by an influx of Na*, Mg* and Ca?* through
cation-selective  cGMP-gated (CNG) channels. CNG
channels are kept open by cGMP, the concentration of
which is regulated via a dynamic equilibrium between
synthesis (by a guanylyl cyclase; GC) and hydrolysis (by a
phosphodiesterase; PDE). This equilibrium shifts when the
visual pigment (rhodopsin in rods, iodopsin in cones)
absorbs a photon, starting the phototransduction cascade
(Figure 2A). The activated visual pigment activates a
heterotrimeric G protein (transducin, G;) which in turn
activates the PDE. The PDE cleaves cGMP into 5'-GMP.
As aresult, [cGMP]i fals, the CNG channels close and the
influx of cations is blocked. With influx blocked, Ca®*
continues to be extruded from the OS by a Na'/Ca?*,K*
exchanger (NCKX), expressed at high density in the OS
membrane, resulting in adrop in [Ca’]i. In time, extrusion
decreases and comes to be in equilibrium with the influx,
resulting in a steady-state [Ca']i which determines the
functional state of the cell, i.e., its sensitivity to light.

4.1. Therole of Ca?* in light adaptation

Light adaptation is a regulatory process which is
critical for maintaining responsiveness of the visua system
to light over a wide range of illumination conditions.
During light adaptation the transduction signal elicited by
light is lower in sensitivity and faster in time compared to
dark-adapted cells. An important stage of this process
occurs in the OS and is orchestrated by Ca®* . As shown in
Figure 2A, Ca&" controls adaptation of the
phototransduction machinery to background illumination at
virtually every level of the phototransduction cascade (the
only component of the cascade which is not directly
modulated by C&?" is the PDE).

Unlike other guanylyl cyclases, the activity of the
photoreceptor guanylyl cyclase (the synthesizing enzyme of
cGMP) is controlled by Ca’*. cGMP synthesis increases as
Ca’" levels decrease with a K4 of about 70 nM (29). The
modulation of GC occurs via the Ca?* binding protein
guanylyl cyclase activating protein (GCAP-1 and GCAP-
2: 30). GCAPs are EF-hand Ca?*-hinding proteins, each of
which binds 2-3 C&". In its Ca%*-bound form, GCAP is
inactive (an interesting exception from most other EF-hand
proteins, such as calmodulin, which are activated by ca* ),
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Figure 2. A: Schematic of calcium regulation in the OS. Ca?* enters the OS through CNG channels and is extruded via NKCX
exchangers. [Ca?']i stimulates guanylyl cyclase (GC) via the GC activating protein (GCAP) and inhibits it via a GC inhibitory
protein (GCIP). Ca2* also inhibits the rhodopsin kinase viaits action on recoverin (Rec). Moreover, Ca?* suppresses further Ca*
influx via its action on CNG channels, which can be direct, or via calmodulin (CAM). Adapted from (190). B: A topological
model of outer segment constituents. Also indicated are retinal diseases linked to mutations in these proteins (See Section 7).
ADRP autosomal dominant retinitis pigmentosa; ARRP autosomal recessive retinitis pigmentosa; CSNB congenital stationary

night blindness. Adapted from (189).
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thus the rate of synthesis of cGMP is relatively low. At
high [Ca®"i, GC is additionally suppressed by a guanylyl
cyclase inhibitory protein (GCIP; 30-31). As [Ca'i
decreases during sustained illumination, GCAPs become
activated and stimulate the GC leading to an increase in
[cGMPJi. Such an increase occurs in the continued
presence of the background illumination. As a result of
increased cGMP synthesis, CNG channels reopen, [cGMP]i
increases and more intense light is required to achieve a
channel closure comparable to that achieved in the dark-
adapted state. Interestingly, a mutation in human GCAP-1
causes this protein to lose its inhibitory activity at high
[Ca®"]i and has been linked to the autosomal dominant cone
dystrophy, a blindness-causing disease (see below, Section
7.

Ca®* has an essential role in modulation of
sengitivity of the visual pigment itself. For example, the
ability of rhodopsin to activate transducin is decreased
through an inactivation process mediated by rhodopsin
kinase. The phosphorylation reaction mediated by the
kinase is in turn is inhibited by the Ca®*-binding protein
recoverin (32). A decrease in [Ca*]i, caused by continued
illumination, disinhibits the kinase and results in a shorter
life-time of the activated rhodopsin (33) and PDE (24).
Indeed, when the [Ca?*]i was varied between 10 nM and 1
nM the activity of PDE was changed by 30-fold (24).

In addition to its effects on synthesis and
degradation of cGMP, Ca®* exerts a direct control over the
cation influx through the CNG channel. The single-channel
conductance of the rod CNG channel pore may be reduced
200-fold by selective binding of Ca®* to acidic residues in
the pore region (34). This effect has been reported for high,
nonphysiological levels [Ca®']i. At lower, physiological
[Ca’™]i, Ca* regulates CNG channel permeability via the
Ca’" effector calmodulin (CaM). Calmodulin binds to the
b-subunit of the CNG channel, shifting the dose response
curve to higher Ca?* concentrations (35). Consequently, at
the high [Ca?"]i that occurs in dark adapted photoreceptors,
the affinity of the channel for cGMP is low. As [C&']i
decreases during sustained illumination, Ca?* and CaM
dissociate from the channel, and the affinity of the CNG
channel for cGMP is increased (35). This effect is much
more pronounced for cone CNG channels than rod (192;
see Section 4.2). Thus, in light adapted cells, the number of
open CNG channels at a given light intensity can be much
higher compared to the same stimulus applied when cells
are dark-adapted. As the photoreceptors adapt to light, the
amplitude of the photoresponse and the light sensitivity
decrease. Both of these adaptive responses result from Ca*
action on the visual pigment and the phosphodiesterase
(24). Even more pronounced Ca’*-mediated modulation of
a sensory transduction cascade occurs in the olfactory CNG
channel (36).

The role of Ca* in light adaptation has been
confirmed conclusively. When cells are superfused with
Ca®* -free solutions, or [Ca?']i is kept constant with high
concentrations of Ca?* buffers such as BAPTA and/or by
blocking calcium extrusion from the OS, light adaptation is
blocked (27, 37). Interestingly, constant [Ca®']i had
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virtually no effect on the rising phase of the photoresponse,
indicating that Ca?* has little effect on the initial steps in
the phototransduction cascade (26-27, 37).

Having been independently measured, the
properties of al phototransduction pathways were
incorporated into a quantitative model in order to predict
the relative contribution of different Ca®*-controlled
pathways on light adaptation of the rod photoreceptor (24).
The model shows that, at low light levels, the effect of cat
on cGMP synthesis predominates by regulating the
sensitivity of the cell whereas, at high light levels,
modulation by Ca®* of the kinase is more important and
functions to extend the operating range of the
photoreceptor.These early experiments demonstrated that
changesin [CaZ"] o5 Serve as the intracellular signal for light
adaptation. Ca?" therefore acts as a global integrator by
coordinating the activity of many different signaling
pathways within the OS.

4.2. Ca®*" homeostasis differs between outer segments of
rods and cones

Light flashes which generate equal photocurrents
tend to cause a larger change in cytoplasmic CaZ* in cones
than in rods. During light stimulation, Ca?* concentration in
the cone OS will vary over a 75-fold dynamic range in red-
sensitive cones, a value more than three times greater than
in rods of the same species (9). The percentage of the dark
current carried by Ca®" is about twice as high in cones
(35%) than in rods (~20%; 38-39). Moreover, Juan
Korenbrot and his colleagues have shown that in cones,
but not in rods, the cGMP sensitivity of the CNG channels
changes with physiological concentrations of [CaZ']i (38-
39). Ca?* modulation in cones has a midpaint at ~290 nM
[Ca2+]i, whereas in rods the midpoint is ~50 nM, i.e., at the
borderline of the physiological range which occursin light-
adapted cells only (15, 26, 192). In addition to more Ca®*
entering into the cone OS relative to the rod OS, cone OSs
are also more efficient at Ca®* extrusion. Extrusion of Ca®*
is 4-8 times faster in cones compared to rods (7- 9). Thisis
consistent with a much faster and efficient light adaptation
in cones compared to rods. Interestingly, despite dramatic
differences in rates of Ca?* influx and clearance from rod
and cone OSs, the Ca*-dependence of the GC and
phosphorylation of the visual pigment are not appreciably
different (33).

4.3. Ca*" extrusion and buffering in the outer segment
Ca®* is extruded from the outer segment by
Na'/Ca®* K" exchange. Na'/Ca?* K" exchangers (NCK Xs),
cloned from photoreceptor OSs, belong to a unique
transporter family, distinct from the more generic Na'/Ca?*
exchangers (NCXs) found in the mgjority of other neurons.
Photoreceptors express the NCKX1 isoform (40-41). The
cloning of NCKX1 from rat eye (42) revealed the presence
of aternatively spliced isoforms in this species, which
differ in the arrangement of four exons at the N terminus of
the large intracellular loop. Another isoform was recently
isolated from cones (43). The NCKX1 transporters are
expressed exclusively in the OS, with no trace found in the
IS (40-41). The NCKX transporter exchanges 4Na' for one
Ca®" and one K* (44-45). Owing to the additional free
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energy of transport contributed by the K gradient, the
theoretical thermodynamic equilibrium concentration in the
OS Ca** should be ~500 times lower compared to other
cells which express the NCX exchanger. However, studies
have shown that the true equilibrium (~ 0.2 nM) is never
reached, because the exchanger is inactivated at low
[Ca?")i. Ca* extrusion will continue to a baseline
concentration of 20-50 nM but goes no further (46). The
affinity (K of the NCKX exchanger for Ca®* ranges from
1 to 2 nM (46-47). NCKX has a high capacity for Ca®*
transport: Na'/Ca*,K* exchange caused a decline in [Ca?']i
at arate of 30 nM/s. This rate translates into flux of 250
pmol cm? st (2500 times higher than in the squid axon;
48). Interestingly, it has been recently discovered that the
Na'/Ca®* K" exchanger hinds the a subunit of the cGMP-
gated channel, forming a stable complex (49).

[Ca®]i in the OS is also regulated by intracellular
mobile and immobile buffers. In an intriguing study,
Leibovic and Bandarchi (50) found that there is a gradient
of buffered Ca* along the long axis of the OS and that Ca*
extrusion near the tip of the OS is almost three times higher
compared to that at the base. The low longitudinal diffusion
coefficient for Ca?* in the OS (~2 mm%s®; 4) is consistent
with the diffusional barrier presented by the intracellular
disks. The diffusion coefficient for radia diffusion (~15
mm?s™; 3) is, on the other hand, consistent with binding of
Ca’" to immobile buffering systems.

Intracellular Ca?* buffers and sensors are thought
to bind as much as 99% of Ca®* which enters the cell
through CNG channels (47, 51). Their action seems to be
essential for cell survival, because mutations in genes
encoding different photoreceptor Ca?*-binding proteins are
linked to severa human pathologies leading to blindness
(52). During the light response, Ca®* buffering slows the
relaxation in free OS [Ca®'], and may therefore affect the
onset of light adaptation. Indeed, the faster time constant of
light-induced changes in cone [Ca?*]i compared to the time
course of [Ca?*]i changes in rods (9) could be interpreted to
indicate that the Ca?* buffer capacity of rod outer segments
significantly exceeds that in cone outer segments.
Unfortunately, relatively little is known about the intrinsic
buffering capacity of photoreceptors and the physiological
roles played by Ca* buffers in intact OSs of rods and
cones. The available data from Lagnado et al. (47) suggest
the buffering capacity of salamander rod OSs to be ~ 0.24
mM. Other estimates of OS Ca®* buffering power range
from 0.1 to 5 mM (53). The early experiments in
salamander rods suggested that the OS cytoplasm contains
ahigh and alow affinity buffer, respectively. The high Ca®*
affinity buffer could be washed out with a prolonged
perfusion (47); therefore it is likely that this buffer
corresponds to a small, soluble Ca?*-binding protein such
as parvabumin, calbindin, calretinin, recoverin, visinin,
camodulin and/or GCAP proteins which have all been
reported to be present in the OS (52). The high affinity
buffering of Ca?* would be especially important in light-
adapted cells in which [Ca®']i is low and in which small
[Ca®']i changes would have significant effect on function
of the phototransduction cascade. The second Ca®*
buffering mechanism identified by Lagnado et al. (47)
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consisted of a low affinity high capacity buffer. This
system may absorb much of Ca?* entering the OS in the
darkness.

In addition to plasma membrane Ca* influx and
extrusion, [Ca?"]i in the OS may also be regulated by Ca®*
release and uptake from internal compartments, such as the
stack of disks which fill the rod OS (54-57). Early studies
suggested that the disks can accumulate significant
amounts of Ca?*. The mechanism that sequesters CaZ* into
the disks is still unknown. Preliminary evidence suggests
sequestration may be due to the superfamily of Ca?*
ATPases (58); it will be of great interest to determine
whether these putative Ca?* ATPases belong to one of the
principal two Ca?* ATPase families, PMCAs or SERCAs
(see below), or whether they belong to a novel as yet
undescribed transporter family. Nonetheless, Ca®* stored in
disks can apparently be released in response to light stimuli
(55). Light flashes were also shown to release IP;, a well-
known trigger of Ca*" release from intracellular Ca®*
compartments (1), from bovine OS membranes (59-61).
These experiments suggest that rod OS disks function
similarly to intracellular Ca?* stores found in many other
neurons. |P; is generated by phospholipase C (PLC) which
hydrolyses the membrane phospholipid
phosphatidylinositol  4,5-biphosphate (PIP,) to inositol
1,4,5-triphosphate (1Ps) and diacylglycerol (1). Substantial
PLC activity is reportedly characteristic of rod disks (62) as
well as of the cone OS membrane (63). The PLC expressed
in OSs is apparently under control of both light (59-60) and
Ca®* (64). Moreover, immunocytochemical and EM studies
have shown that photoreceptors express IP; receptor
MRNA (65). IP; receptor protein was shown to be
expressed in rod disks as well as in the plasma membrane
of cones (65-66). Moreover, activation of 1P; receptor was
shown to release Ca?* from disks in bovine rod OSs (46,
57). Given that IP; receptors tend to be expressed in
intracellular compartments (1), their localization to the
cone plasma membranes (65) is surprising. The functional
significance of IP; receptors in the OS remains to be
elucidated.

Genetic elimination of PLC from mammalian
rods results in a decrease in the light response of these
cells. Measurements of light responses from PLCb4
knockout mice showed that the awave component of the
ERG (thought to reflect the compound light response of
retinal photoreceptors) is four times smaller than the wild
type control (67). Paradoxically, recordings from single
rods exhibited little difference from their wild type
littermates (67), suggesting that the major role of PLC may
be in controlling synaptic function rather than
phototransduction per se. At the moment, therefore, the
roles of PLC and Ca?* stores in OS disks are still
unresolved. In particular, it remains to be determined
whether sequestration and release of Ca®* from rod disks
occurs under physiological circumstances and what role, if
any, do these signaling pathways play in OS signaling. For
example, it would be interesting to determine whether
photopic vision in IPsR1 knockout mice, which exhibit
severe ataxia and epileptic seizures, is compromised.
Possibly, an important clue for the role of Ca®* storesin OS



Calcium Regulation in Photor eceptors

function, may arise out of the extensve work on
invertebrate phototransduction. For example, both IP; and
ryanodine receptors/channels may play important roles in
invertebrate photoreceptor transduction processes (68-69).

In conclusion, steady-state [Ca?*]i in the OS is
determined by the baance between the influx of
Ca**through the CNG channels and its extrusion from the
cytoplasm by the Na'/Ca?* K" exchanger. In the dark, the
cytoplasmic Ca?* concentration in both rods and conesiis ~
300-500 nM (8, 14-15). When CNG channels close
following illumination, the influx of Ca®* stops but the
extrusion continues, leading to a decrease in [Ca®']i the
magnitude of which depends on the fraction of channels
closed. In saturating light [Ca?*]i can decrease to 20-50 nM
in rods and < 10 nM in cones (8, 14-15, 20). Photoreceptor
OSs also contain significant internal Caf* stores whose
function in the phototransduction and/or light adaptation is
as yet unknown.

5. Ca?* REGULATION IN THE INNER SEGMENT

The inner segment (1S) is the output compartment
of rods and cones. It plays an important role in
photoreceptor signaling by filtering and modifying the
electrical signal generated in the outer segment (10, 70).
The IS aso functions as the command center for
metabolism, transcription, protein synthesis and synaptic
signaling in rods and cones. Degspite these critical roles
played by the IS, it has received much less attention
compared to the OS. Understanding how the IS and its
subcompartments coordinate and regulate the wide
multiplicity of cellular functions and events is a mgjor task
awaiting retinal research.

Anatomically, the IS is composed of severa
distinct regions: the cell body (the site of gene expression),
the “ellipsoid” region (the center of cells energy
metabolism), the myoid (contains cytoskeletal elements
which regulate contractility of the IS in teleost fish) and
synaptic terminal (where exocytosis occurs) (see Figure 1).
Coordinating the function of these regions are fluxes of
ions across the plasma membrane and several arrays of
second messenger mechanisms, which include cAMP,
cGMP, NO, IP; and Ca?*. As opposed to the OS which only
possesses a single class of ion channel (the cGMP-sensitive
photochannel), several different classes of ion channels are
localized to the inner segment plasma membrane. These
include voltage-activated Ca?*, K* and CI- conductances
and the inward rectifier 1, (reviewed in 70). ClI" and K*
currents, activated by Ca?*, further limit the depolarization
produced by cation influx in the OS (53, 71). The
membrane potential across IS plasma membrane therefore
represents a dynamic equilibrium between I, and a variety
of outward conductances, including calcium-activated 1Clc,
and |IKc, The IS plasma membranes also contains high
densities of other ion transporters absent from the OS.
These include Na'/K* ATPases, Ca®* ATPases and Na'/H*
exchangers (72-73) as well as till unindentified chloride
transporters.

The metabolic and transcriptional activities of
photoreceptors are vastly different in light and in darkness
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(74-75). Light-dependent integration of metabolism and
signaling occurs via second messengers such as Ca?* and
NO. Many key Ca* -dependent cellular enzymes
(including Ca*-dependent protein kinases, phosphatases,
lipases, the nitric oxide synthase and nuclear transcription
factors) are localized to subcompartments within the IS
such as the cell nucleus, the ER and the mitochondria.
Within the IS, Ca?* may activate CaM kinases and the
protein kinase A, which could phosphorylate important
targets within the synaptic terminal, such as phosducin,
protein 14-3-3 and Ca®* ATPases.

OSs and ISs possess different sets of
plasmalemmal mechanisms which govern Ca?* influx and
extrusion (6, 20, 24, 38, 41, 65). Moreover, they differ
with respect to cytoplasmic compartments. the
endoplasmic reticulum (ER) and mitochondria, two
important regulators of [Ca?]i which are abundantly
present within the IS, are absent from the OS. The
differences in ion influx and extrusion mechanisms
between OSs and 1Ss are especialy illustrative when one
compares transport of Na“ and Ca?* ions. Transport and
diffusion of Ca®* between OS and IS appears to be limited.
The signaling action of Ca®* may be restricted to the level
of nanodomains and microdomains rather than tens of
microns. Ca®* imaging studies suggest that as [Cal']i
changes in one compartment, [Ca?']i changes in the other
compartment are relatively small (20, but see 76).
Moreover, biophysical properties of Ca®* diffusion and the
spatial distribution of Ca®* influx/extrusion mechanisms
further suggest that, with respect to Ca®* fluxes, both
compartments are relatively insulated from one another.
For example, the cilium, which restricts movements of
cytoplasmic and plasmalemmal constituents between OS
and IS (72), may hinder diffusion of free Ca?*. The cilium
is packed with specialized Ca®* binding proteins such as
centrin, calmodulin, kinesin Il and myosin VIl (e.g., 77)
and may contain specidized Ca®* extrusion machinery
(DK, Emanuel Strehler and DRC, manuscript in
preparation). In contrast, the early work by Hagins
demonstrated that Na" diffuses freely between the OS and
the 1S; the large majority of Na“ entering the OS via the
CNG channelsiis extruded via Na'/K*™ ATPases localized to
thelS.

5.1. L-type calcium channels are the main mode of Ca®*
entry from extracellular space

It is now firmly established that Ca?* enters the
ISs mainly through voltage-gated Ca®* channels. Ca?*
influx though these Ca®* channels is required for vision —
mutation of the Ca®* channel gene results in blindness,
most likely because release of the neurotransmitter
glutamate is impaired in the absence of C&* influx (78).
Putative Ca®* channels were first observed with freeze-
fracture studies in mammalian and reptilian photoreceptors.
The pioneering studies by Elio Raviola (79-80) showed
clusters of particles inserted into the plasma membrane at
the active zone in photoreceptor synaptic terminals; these
investigators were the first to suggest that these particles
corresponded to calcium channels. The localization of
voltage-gated Ca?* channels to photoreceptors was later
demonstrated directly by intracellular recording from
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Figure 3. Signa transmission across the photoreceptor
synapse is determined by the properties of voltage-
activated Ca* current in photoreceptors. A: Voltage-gated
Ca" current from salamander rod photoreceptor recorded
in whole-cell patch configuration. The cell was voltage-
clamped at <65 mV and depolarized with a voltage ramp
from =70 to * 50 mV. The Ca* current activates at around
—55 mV and reaches its peak at =10 mV (ref. 21). B: The
membrane potential of rod photoreceptors oscillates
following removal of Ca** channel inactivation.
Simultaneous intracellular recording of light responses
from arod and a horizontal cell (HC) in the Xenopus retina.
[Ca?]o was substituted by [Ba?]o. Under these conditions the
rod depolarized by ~5mV and the membrane potentia started
to oxcillate a ~ 3Hz. Note the concomitant change in the
waveform of the light response of the horizontal cell (ref. 85).

photoreceptors in intact retinae (81). The early intracellular
recordings by Fain and coworkers (81) were later extended
by many other studies, using patch electrodes (71, 82-84),
intracellular recording (85) and glutamate measurements
(86). Ca®* influx through voltage-gated Ca®* channels was
shown to be both necessary and sufficient for triggering
glutamate release (86-87). Recent immunocytochemical
and Ca?* imaging studies suggest that voltage-gated Ca*
channels in rods and cones are found at highest density in
synaptic terminals (20, 88).

The operating voltage range of rods and cones is
compressed between ~-40 mV in the darkness to ~ —65 mV
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in saturating light. Ca2" influx can control transmitter
release over the full range of these potentials (23). The
requirement for Ca?* to sustain transmitter release and the
need for tonic depolarization in darkness implies, however,
a potentialy lethal physiological trap. By definition, the
high voltage-gated Ca** current is an inward, self-
regenerative current activated at depolarized potentials.
Activation of the inner segment Ic, might therefore be
expected to trigger a self-regenerative cycle of Ca®* influx
and depolarization which would result in impaired
photoreceptor function and, possibly, cell death (see below,
Section 7). Indeed, when photoreceptors are depolarized
beyond their resting potentials by replacing extracellular
Ca®* with Ba®* or Sr**, which traverse Ca®* channels but do
not inactivate them, the cells respond with oscillations
caused by regenerative activation of Ca?"channels (81, 85).
This problem is illustrated in Figure 3. When the rod
photoreceptor is pushed into the depolarized range by Ba®*
substitution, its membrane potentia will oscillate at a
frequency of ~ 3-4 Hz. The oscillation in the photoreceptor
voltage causes a profound change in synaptic transmission.
By recording simultaneously from postsynaptic horizontal
cells it was possible to show that photoreceptor oscillations
are transmitted across the synapse (85). This experiment
suggests that, in order to maintain normal photoreceptor
function it is crucial to curtail CaZ* influx by keeping the
resting membrane potential of the photoreceptor IS just
below the threshold for regenerative activation of Ca®*
channels. We now know that the Ca?* influx is controlled
via many mechanisms, including Ca?* channel inactivation
via Ca?" release from internal stores and activation of
outwardly rectifying Ca'-activated Cl° and K™ channels.
These channels are often colocalized with the Ca®*
channels (89), so that their activation state can rapidly
follow the changes of [Ca?"] associated with Ca?* influx.
The outward current flowing through Cl” and K* channels thus
acts to clamp the membrane potential via fluxes of CI" and K*
and sets the upper upper limit to which local [Caf']i can rise.
This prevents both Ca** spiking and Ca&2*-mediated toxicity.

5.1.1. Properties of voltage-gated Ca®" channels in the
inner segment

As in other neurons, the ion pores of
photoreceptor Ca?* channels are blocked by high
extracellular levels of divalent cations such as Cd?* and
Co®* and by various pharmacological antagonists (25, 84,
86-87, 90). Immunocytochemistry and electrophysiology in
amphibian and mammalian photoreceptors suggest that
voltage gated Ca2* channelsin the I1Ss belong to the L-type
class of high voltage-gated Ca?* channels (82, 86-87, 91-
92). For example, these channels were found to be inhibited
by dihydropyridine blockers such as nifedipine and
nimodipine (22, 84, 86). However, closer analysis reveas
that these channels are distinct from the “generic” L-type C&2*
channel (84, 86, 91). Caf* channels found in rods and cones
tend to be less senditive to dihydropyridine antagonists such as
nifedipine (84, 93). Cone Ca" channels can also be blocked by
high concentrations of omegaconotoxin (84), generaly
considered as aN-type Ca?* channel antagonist.

The voltage-gated Ca2* current (Icy) in rods and
cones operates in a sustained manner over the voltage
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excursion produced by light. The I, in photoreceptor inner
segments does not inactivate at holding potentials at which
the L-type I, of other neurons is largely inactivated (83-
84, 94) but it can be inactivated by Ca* itself (DK, DRC,
unpublished observations). The activation threshold for I,
in amphibian photoreceptors is around -55 mV (21-23, 53,
83) and in mammalian photoreceptors the threshold may be
as low as —-60 mV (91, 93). These values are much lower
compared to a “typical” L-type Ca®* channel (95). Due to
this voltage-sensitivity of photoreceptor voltage-gated Ca*
channels, the IS cytosol experiences a large influx of Ca®*
at the photoreceptor resting potential (~-40 mV) (22-23).

Voltage-gated Ca®* channels are protein
complexes consisting of a pore-forming apha; subunit,
whose gating is modulated by additiona beta and
gamma/delta subunits. Several different alpha; subunits
have been cloned; 1C, D, F and S dl form 14-
dihydropyridine (DHP)-sensitive L-type calcium channels,
whereas 1A, B, and E, respectively, form P/Q, N, and
possibly R channels (101). Recently, a novel subtype of the
alpha subunit was isolated from human rods (alphayg; 96).
These subunits appear to be localized at the active zones of
rod photoreceptors (97). These are likely to support
synaptic transmission at the rod synapse, as a mutation in
the gene for this rod Ca?* channel has a selective effect on
rod neurotransmission by causing a severe form of the
stationary blindness (78). Since rod IS is composed of
severa different functional compartments, it will be of
interest to examine whether different Ca2* channel subunits
are expressed in different regions of the IS. Unlike rods,
which apparently possess the alphayr subunit, cone IS Ca?*
channels may be of the aphayp subtype. Unlike aphaye, the
1D subtype has been found in many other classes of
neuron. Red-sensitive cones in the tree shrew retina are
immunopositive for the apha,p antibody whereas blue-
sensitive cones are not and may possess another currently
unknown subtype of Ca?* channel (98-99).

5.1.2. Modulation of voltage-gated Ca®*" channels in the
photor eceptor inner segment

Because of the key role that L-type Ca?* channels
play in sustaining glutamate release at the photoreceptor
synapse, their modulation is likely to emerge as one of the
important regulators of visual function. The 1S Ca®
channels are modulated by a number of different
mechanisms, which include both membrane-delimited and
second-messenger pathways. These involve Ca2* acting via
camodulin, phosphorylation via cGMP- and cAMP-
dependent pathways, facilitation by voltage and inhibition
through the activation of heterotrimeric G proteins. G
protein-mediated modulation of these channels is probably
responsible for the presynaptic inhibition of synaptic
transmission mediated by a wide variety of 7
transmembrane-domain receptors (such as D2 dopamine
receptors and somatostatin receptors) (100, 102-108).
Modulation of the Ca?" current is therefore likely to affect
synaptic gain. The gain function (which depends on the
slope of the Ca?* current vs the membrane potential) for the
photoreceptor synapse is the stegpest around the resting
potential (i.e., around 40 mV; (see 23, 101)). This,
therefore, is where neuromodulators should be the most

2031

effective. Among neuromodulators, shown to control I, at
the photoreceptor synapse are the following:

5.1.2.1. Calcium regulation of I,

Extra- and intracellular Ca®* regulates I, via
different mechanisms. Extracellular divalent cations,
including calcium, cobalt and cadmium, screen charges on
the extracellular surface of the membranes thereby shifting
the activation range of |, to more positive potentials with
increasing concentrations (123). This screening action
explains the paradoxical finding that lowering external
calcium can unexpectedly increase synaptic signaling from
photoreceptors to second order cells (124). Calcium -
induced inactivation of photorecpetor L-type Ca®* channels
can aso regulate I, from the cytoplasmic side (DK,
unpublished observations). This action can be by direct
binding of Ca* to a modulatory binding site on the L-type
channel or via calcium activation of calmodulin. Little has
been reported on the extent by which I, and intracellular
calcium in photoreceptors can be regulated by either of
these two mechanisms. Preliminary work in our own lab
has demonstrated that release of Ca®* from intracellular
stores can control the magnitude of I, (21) as well as that
Ca®" influx itself causes inactivation of Ic, (unpublished
observations). This suggests that the sustained influx of
calcium, which is maximal in the dark, can control
subsequent influx via a feedback mechanism. Thus calcium
concentration is maintained in a state of dynamic
equilibrium.

5.1.2.2. Dopamine

Rods and cones immunostain for D2/D4
dopamine receptors (102). Retina dopamine, known to be
upregulated in light (103-104), exerts multiple effects on
photoreceptors including the retraction and elongation of
fish rods and cones, respectively; suppression of rod-driven
light responses to second order cells and electrical coupling
between rods and cones (103 - 105). Dopamine aso
modulates Ica in photoreceptors. D2 receptor agonists, but
not D1 agonists, inhibited Ica in a class of red-sensitive,
large single cones but facilitated 1, in al other classes of
cone and in rods (106). These results suggested a pathway
by which D2 receptors couple negatively to adenylyl
cyclase, the synthesizing enzyme for CAMP, to regulate
calcium channels in the IS. However, there is a still
unresolved discrepancy between the actions of dopamine
on photoreceptors. The studies of synaptic transmission
strongly suggest that signaling at the cone synapse is
potentiated by dopamine whereas signaling at the rod
synapse is decreased (104, 107). In contrast, |, recordings
(106) suggested dopamine decreases the calcium current in
some cones but increases it in rods. One explanation for the
discrepancy is that Ca?*-dependent pathways in (106) were
suppressed by substituting Ca?* with Ba*. In the presence
of Ca?, dopamine and D2 agonists may act to reduce
[Ca®i (107).

5.1.2.3. Somatostatin

Akopian et al. (108) found that both rods and
cones in salamander retina immunostained with an
antibody to the sst(2A) receptor. Whole-cell recordings
from individual cells revealed that somatostatin reduced L-
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type calcium currents in rods but increased them in cones.
Calcium imaging showed that somatostatin reduced
potassium-evoked rises in intracellular calcium in rods but
enhanced them in cones. The action of somatostatin on Ica
was blocked by pertussis toxin, implicating a G-protein
pathway coupling between the somatostain receptors and
the L-type calcium channels.

5.1.2.4. Adenosine

In the retina, production of adenosine is elevated
in darkness, possibly as aresult of the dramatic turnover of
ATP in the IS (74, 109). Adenosine is released by
depolarized photoreceptors (109) and may be taken up into
photoreceptors by adenosine transporters. Autoradiography
and in situ hybridization suggest that A1 and A2 adenosine
receptors are expressed in photoreceptors (110-111).
Activation of these receptors was recently suggested to
regulate retinomotor movements in lower vertebrates (112).
One possible mechanism of action would be an adenosine A2
mediated inhibition of C&* influx via the L-type calcium
channelsin cone (83) and rod inner segments (113).

5.1.2.5. Protons

Extracellular alkalinization and acidification
regulates how calcium channels are activated by voltage.
Barnes et al. (114) showed that between pH 7 and 8 the
activation of I, shifts by ~—12 mV. At resting potential,
an outside acidification would reduce calcium influx
through I, The authors confirmed functiona
consequences of the pH modulation by demonstrating that
light-evoked synaptic currents in neurons postsynaptic to
the photoreceptors were diminished at lower pH. A 2.3-fold
change in postsynaptic signals occurred with a pH decrease
of 0.23 pH units. In addition to the sensitivity of I, to
extracellular pH, studies of L-type calcium channels in
other retinal neurons suggest that intracellular pH can
modul ate photoreceptor Caf* channels aswell. Takahashi et al.
(115) showed that intracelular dkdinization and acidification
of catfish horizonta cells enhanced and reduced, respectively,
L-type cacium currents. It is very plausible to assume that
changes in pH within photoreceptors due to metaboalic activity,
ATP hydrolysis, regulation of proton extrusion or transport of
cacium via PMCA (20) could in turn regulate calcium influx.
DeVries has recently shown that protons, released from
synaptic vesicles during exocytosis, may feed back to suppress
Ca" influx across the voltage-gated Ca?* channels (115a) and
to move the activation voltage of the Ca current to coincide
with the cone regting potentia (114, 1158). The action of
protons is potentiated by the absence of carbonyc anhydrase
from the cleft at the photoreceptor synapse.

5.1.2.6. mGIuR modulation

Metabotropic glutamate receptors are known to
regulate calcium in neurons. Recently, mGIuRS, a class 111
metabotropic receptor was immunolocalized to mammalian
photoreceptors (116).  Calcium imaging in isolated
photoreceptors showed that glutamate and class Il
metabotropic agonists lowered resting calcium levels. This
action was blocked by class Il antagonists and was not
mimicked by agonists for other types of metabotropic or
ionotropic glutamate receptors. These findings raise the
possibility that glutamate released from photoreceptor
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terminals can act through feedback to the presynaptic
MGIuRS8 receptors to down-regulate the level of glutamate
release. Intracellular signaling pathways for mGIuRS-
mediated actions have not yet been identified.

5.1.2.7. Chlorideion modulation

An investigation of lc, in salamander photoreceptors
revealed that low extracellular chloride reduces current
through Ca?* channels (117) and hyperpolarizes second
order retina neurons, consistent with lowered intracellular
calcium diminishing the release of glutamate from the rods
and cones. Lowering extracellular calcium caused a
concomitant reduction of intracellular chloride. Patch
recordings demonstrated that intracellular chloride
modulated the open probability of I, in photoreceptors
(117). However, little is known whether intracellular
chloride is likely to change enough in vivo to regulate
intracellular calcium in photoreceptors.

5.1.2.8. Nitric oxide modulation of | ¢,

Nitric oxide (NO) is a short-lived gas generated
by nitric oxide synthase (NOS). NO freely diffuses across
lipid membranes and is known to exert modulatory actions
on ionic channels of many cell types including neurons.
The neuronal isoform of the nitric synthase, the key
enzyme in NO synthesis (nNOS) is immunolocalized in or
near the synaptic terminals of rods and cones, providing an
immediate  local source of NO  (118-119).
Electrophysiological examination of I, in tiger salamander
rods demonstrated that application of an NO-generating
compound increased the current (120). This suggests that
stimulation of NOS could lead to an increase of calcium
within rods, and perhaps in cones as well. It remains to be
shown whether NO levels are high enough in vivo to affect
changes in I, NOS is localized in the ellipsoid region of
the 1S and shows dramatic dependence on free [Ca®i
(ECso ~ 0.84 mM; 121). NO synthesis will therefore depend
directly on Ca?" influx into the IS and is likely to have little
effect on cGMP synthesis in outer segments. NO is likely
to influence synaptic transmission via its effect on the
soluble form of guanylyl cyclase and [cGMP]i levelsin the
cell body and the synaptic terminal (121-122). NO released
from photoreceptor |Ss could also diffuse to ON bipolar
cells and activate their guanylyl cyclase within a diffusion
distance of ~100 microns (121).

5.1.2.9. Cannabinoids

Photoreceptors in both mammalian and non-
mammalian species bind antibodies directed against the
CB1-cannabinoid receptor. (125-126). Although there are
no reports of cannabinoids regulating intracellular calcium
or |, in photoreceptors, cannabinoid agonists reduced Ic,in
retina bipolar cells, implicating an inhibitory effect on
calcium-dependent synaptic transmission.

5.1.2.10. Insulin

Both inner and outer segments of photoreceptors
express receptors for insulin. Insulin itself causes a
decrease in both the a and b-waves of the
electroretinogram (127). Stella et al. (128) have recently
shown that insulin aso inhibits influx of Ca2* into ISs of
rods via the insulin receptor-mediated activation of tyrosine
kinases.
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Figure 4. A: Calcium extrusion is regulated independently in photoreceptor IS (8) and OS (b). Simultaneous [Ca’]i
measurement from salamander rods. a, b: Switch from control saline (2 MM KCI) to high KCI superfusate (90 mM KClI) raised
[Ca®]i in both segments. Immediately following high KCI, the superfusate was switched to saline in which [Na']o was replaced
by [Li"]o (0 mM NaCl, 2 mM KCI, 97 mM LiCl). The IS [Ca?]i returned to the baseline (panel a), whereas the OS [Ca®i
remained at a plateau in LiCl saline (panel b). [Ca?*] in the OS returned to baseline following reintroduction of Na (20). B:
Confocal fluorescence labeling indicates photoreceptor terminals express the isoform 1 of the PMCAs. a: PMCAL is prominently
expressed in photoreceptor synaptic terminals. The labeling is moderate in bipolar cell bodies in the distal INL and weak in
horizontal cells. b: Calbindin antibody strongly labels horizontal cells. Prominent somas with dendritic knobs, extending into
photoreceptor terminals (arrowheads), are observed. ¢:  Superposition of images from a and b. PMCAL is expressed in
photoreceptor terminals but is excluded from calbindin-immunopositive amacrine cells. Scale bar = 10 mm. d-f: High power
fluorescence micrograph of the same section as shown in a-c with magnification focused on the OPL. Each dendritic knob
emanating from horizontal cells is associated with exactly one photoreceptor terminal immunolabeled by PMCA1. OPL, outer
plexiform layer; INL inner nuclear layer. Scale bar = 2.5 nm. (from 73).

5.1.2.11. Retinoids 5.2. Cyclic nuclectide-gated channels in the inner
Docosahexanoic (DHA) and arachidonic acid are segment
major phospholipid constitutents of the photoreceptor Rieke and Schwartz (136) and Savchenko et al.
membrane. Phospholipids are cleaved by the phospholipase (122) described a cGMP-dependent (CGN) current in
2 (PLA2) which, when activated by light, causes release of salamander cone ISs. This current is voltage- and cCAMP-
both DHA and arachidonic acid (129-130). Exposure to insensitive (136) and its magnitude depends on [cGMP]i
retinoids causes a large suppression of photoreceptor Ic, at only. Although the physiological function of this current is
micromolar concentrations (131). not clear, it has been suggested that it controls exocytosis
of synaptic vesicles at hyperpolarized levels of membrane
5.1.2.12. Ephaptic stimulation potential a which there is a large driving force for Ca*
Verwelj et al. (132) proposed that the feedback influx (122, 136). Thus glutamate release from
exerted by horizontal cells upon cones is mediated by a photoreceptor terminals may continue as voltage-gated
modulation of cone I, Further work from the same group Ca®* channels close during the light-evoked
suggested that the activation voltages of Ig, in hyperpolarization (122, 136). In this way, cones could use
photoreceptors are regulated by the extracellular current the cGMP-dependent channel to extend the operating range
density generated by current flow across the hemi-gap of the synapse beyond -45 mV. However, Maricq and
junctions in the postsynaptic horizontal cells (133). Korenbrot (53) failed to observe the CNG current in lizard
cone pedicles. It therefore remains to be seen if CNG
5.1.2.13. GABA channels are a ubiquitous feature of Ca?* homeostasis in the
GABA is released by postsynaptic horizontal IS.
cells. Blocking of GABA, receptors with specific
antagonists disrupted normal development of cone synapses 5.3. Ca?" extrusion from theinner segment
(134). Activation of GABA, receptors in developing rabbit Because the photoreceptor light response consists
cones may increase [Ca?*]i (135) thus it is possible that of a hyperpolarization and a decrease in Ca’*-dependent
GABAergic control of [Ca®]i may regulate normal glutamate release (23, 25), the properties of Ca?* extrusion
development of cone I Ss. from the photoreceptor inner segment define the kinetics of
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the visua signal in second order horizontal and bipolar
cells. Transmitter release from photoreceptors can be tuned
to changes in presynaptic membrane potential as small as
10 nV (137). Such small, light-evoked hyperpolarizations
are likely to be associated with minute decreases in [Ca2']i
(22). In order for the high-sensitivity coupling between
[Ca?']i and membrane potential to occur, the mechanism
for extrusion of CaZ* from 1Ss must possess a high affinity
for Ca®*. This high affinity Ca®* extrusion mechanism has
been recently determined to be a plasma membrane Ca?*
ATPase (PMCA) (20, 73, 138). Figure 4A shows
simultaneous imaging of [CaZ*]i from an OS and an IS of a
rod photoreceptor. During depolarization, [Ca?*]i in both
regions of the cell was raised by opening of voltage-gated
Ca’" channels, and by reversing the direction of the NCKX
exchanger in the OS. As illustrated in Figure 4A, panel b,
Ca®* extrusion from the OS was blocked by removing Na*
from the superfusing solution, consistent with a dominant
role for this CaZ* extrusion mechanism in the OS (40, 46).
Na' removal had no effect on Ca?* extrusion from the IS. In
the Na'-free solution, [Ca?']i in the IS decayed with atime
constant of several seconds, demonstrating that Ca®*
extrusion from this compartment does not depend on
[Na'lo (Figure 4A, pand a).

The PMCA family consists of four members with
70 — 80% homology (139). The four isoforms possess
different Ca®* affinities and different consensus sites for
PKA and PKC-mediated phosphorylation and are
differentially distributed within brain tissues (139-140). A
detailed analysis of PMCA isoform expression in
mammalian retina revealed that photoreceptor 1Ss express
isoform 1 of the PMCA family; which is most pronounced
in the synaptic terminal (73). Figure 4B illustrates synaptic
terminals of rod photoreceptors in the mouse retina
immunostained with antibody directed against PMCA1 and
against calbindin, a known marker for postsynaptic
horizontal cells. As seen in Figure 4B, the photorecepor
terminals are strongly immunopositive for PMCAL,
suggesting an important role for this isoform in regulating
synaptic transmission at the photoreceptor synapse.
Immunocytochemical data demonstrated a higher density of
PMCAs in the synaptic region compared to the rest of the
IS (73). The large contribution of PMCAs to Ca
homeostasis in the synaptic terminal was confirmed by Ca?*
imaging experiments, which revealed that depolarization-
evoked Ca* decreases are much larger and faster in the
synaptic termina than in the somaand the elipsoid (20).

What physiological advantage do PMCAS confer
to IS function? First, due to the tonically attached
calmodulin (139), PMCAs possess an affinity for Ca®*
which is at least 10 times higher than the affinity of the
NCK exchanger (46, 139). Second, unlike the NCKXs,
Ca’" extrusion via PMCAs is independent of the membrane
potential. Therefore, PMCAs will be able to translate the
magnitude of [Ca?']i signal into proportional changesin the
rate of Ca?* extrusion and maintain the linearity of synaptic
transmission at the photoreceptor synapse (23).

Intriguingly, PMCA1 in synaptic terminals of
mammalian photoreceptors colocalizes with PSD-95, a
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membrane-associated guanylyl kinase protein (MAGUK)
known to organize the neurotransmitter receptors and ion
channels within the postsynaptic density (73). PDZ
domain-containing proteins, such as PSD-95 are
abundantly expressed in photoreceptor terminals (141-142)
and could act to organize PMCAs within presynaptic
macromolecular complexes.

Little evidence for the presence of Na'/Ca®" or
Na'/Ca®* K" exchangers was found in the IS (20, 41). This
provides another characteristic which distinguishes Ca?*
homeostasis in photoreceptor terminals from synaptic
terminals of the majority of other neurons where both Ca?*
extrusion systems are generaly found (e.g., 143-144).
PMCA-mediated Ca?* extrusion is voltage-independent, as
opposed to the action of the Na'/Ca?* exchangers. We
suggest that because Na'/Ca®* exchange reverses at
depolarized potentials, causing an influx of Ca?" and
transmitter release (eg., 145), it is fundamentally
incompatible with regulation of synaptic transmission at the
photoreceptor synapse.

5.4. Intracellular Ca?* storesin theinner segment

Most neurons store CaZ* in intracellular
organelles such as the endoplasmic reticulum (ER) and the
mitochondria. ER can function as a Ca* source and as a
sink (1, 146), depending on levels of resting [Ca']i,
distribution of Ca™ release mechanisms within the ER
itself and configuration of Ca?" release and sequestration
mechanisms within the cytoplasm. Ca*, stored within the
ER, is released by two different families of intracellular
Ca* channdls, each of which consists of three members.
One family of intracellular Ca?* release channelsis blocked
by the alkaoid ryanodine (ryanodine receptors, RyR),
whereas the second family includes channels that bind
inositol 1,4,5-triphosphate (IP5 receptors; |P3R) (147). Each
channel gene can generate a number of aternatively spliced
variants which display distinctive regulatory properties,
providing an additional level of complexity (148).

Photoreceptor inner segments possess several
compartments capable of accumulating and releasing Ca?*,
including ER (149), the Golgi apparatus (155) and the
mitochondria. ER and its specializations are found in all
parts of the inner segment, including the soma and the
synaptic terminal (149-150). Ca* is sequestered into both
rough and smooth ER (151-153). The density of the ER
structures is highest in the subellipsoid space (the myoid),
from which other organelles are effectively excluded. The
myoid ER is involved in synthesis of OS and IS proteins
(149). It is thought to be continuous with the smooth ER
which has access into synaptic terminals (149, 151). ER
often appears in the form of the so called subsurface
cisternae, which are localized within 30 nm of the plasma
membrane. Subsurface cisternae have been described in
teleost cones (154) as well as in amphibian photoreceptors
(DK and DRC, manuscript submitted). Release of Ca®*
from subsurface cisternae has been shown to modulate
function of many types of ion channels in the plasma
membrane (1).

Ca®" release from internal stores sensitive to
caffeine and ryanodine was described in salamander rod
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Figure 5. A: Caffeine evokes Ca®* release from
intracellular stores. Two rod photoreceptors were loaded
with a Ca?* indicator dye and depolarized with KCl to raise
[Ca?*]i by ~ 300 nM. Exposure to 10 mM caffeine resulted
in a complex [Ca®']i response seen in both cells. The
response had two parts; a [Ca®']i increase followed by a
prolonged [Ca?*]i undershoot. Note that in cdl 2, a
spontaneous [Ca’']i increase occurred (open arrow) and
was also followed by a [Ca?*]i undershoot (arrow). B: A
model of calcium store mechanism in rod photoreceptor |S.
Ca’" enters the cell through voltage-gated Ca?* channels
and binds ryanodine receptors localized in the ER,
triggering more Ca?* release. Caf*, released from the stores,
subsequently acts to suppress further Ca2* influx via an
inactivation process. The stores are filled by two separate
mechanisms — “sarcoplasmic-endoplasmic reticulum CaZ*
ATPases” (SERCAs) and a “release-activated calcium
transport” (RACT) mechanism which may participate in
the [Ca®']i undershoot. The IS aso possess |P;-sensitive
Ca’* stores, activated by 1P and phospholipase C (PLC).
The plasma membrane receptors which activate the PLC
are still unknown (modified after 21).

inner segments (21). The magnitude of caffeine-evoked
Ca’" release in rods depended critically on the steady-state
level of global 1S [Ca®]. When [Ca?']i was around 300-600
nM (the free Ca®* concentration measured in darkness)
caffeine-sensitive stores accumulated Ca®* to severa
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hundred nM. Caffeine triggered large transient increases in
[Ca?")i in depolarized cells but evoked only small amounts
of Ca" release from hyperpolarized cells. This suggests
that the function of Ca?* stores will depend on the
adaptational state of the cell. The role of the stores will be
more significant in darkness (when baseline [Ca?]i is high)
compared to the background light (when [Ca2']i is low).
Caffeine-induced eevations in [Ca?'li were observed
throughout the rod IS but were not seen in the OS. Thisis
similar to olfactory cells, where release of Ca* from stores
occurs in the soma (the output compartment) but not the
cilia (the signal transduction compartment) (13). The RyR
isoform in photoreceptors remains to be identified.

Ca®* release from internal CaZ* stores may have a
complex effect on intracellular Ca®* homeostasis. Figure
5A illustrates a simultaneous [CaZ*]i recording from two
salamander rod photoreceptors depolarized to ~-35 mV.
Exposure to caffeine caused a large Ca?* elevation in both
cells; the elevation was followed by a prolonged [Ca?']i
undershoot. In between the two caffeine applications, one
of the cells exhibited a spontaneous Ca®* elevation, which
dso was accompanied by a [Ca®']i undershoot. The
observation that Ca?* release from Ca* stores may trigger
an elevation as well as a decrease in [Ca?*]i suggests that
Ca®* stores can act as amplifiers as well as suppressors of
the steady-state [Ca?*]i. A schema showing the complex
interaction between RyR localized to the ER and voltage-
gated Ca®* channels localized to plasma membrane of rods
isshownin Figure 5B.

Phospholipase C (PLC) which catalyzes the
hydrolysis of phosphatidylinositol biphosphate PIP, to
produce the intracellular messengers IP3 and DAG, is
activated by the binding of many hormones,
neuromodulators and growth factors to specific receptors
on the plasma membrane. Peng et al. (156) found that |P;
receptors are expressed at high density in synaptic
terminals of both rods and cones. In contrast, isoform 1 of
the IP;R has been reported to be expressed mostly in OSs
of red and green-sensitive cones (65). PLC can be activated
by Ca* influx through voltage-gated Ca?* channels (e.g.,
157). Thus depolarization-evoked [Ca?]i increases may
stimulate synthesis of inositol triphosphates in cone I1Ss
(158). Moreover, the activation of IP;Rs themselves is
enhanced by 05 -1.0 nM [Ca®i (159). Thus, at
physiological [Ca?*]i (~500 nM), IPsRs will be activated,
causing a steady release of Ca?* from internal stores.

The functional role of IP3R in the inner segment
is currently unknown. |P; synthesis could be activated by
one of the many neuromodulators whose receptors have
been characterized in the photoreceptor IS — including the
D2/D4 dopamine receptor (105), metabotropic glutamate
receptors (116) or adenosine A; and A, receptors (112). A
role of IPsR in control of transmitter release has been
suggested by Peng et al. (156) and has recently been
supported by the finding that synaptic transmission in
PLCb, knockouts is substantially decreased compared to
control animals (67).

ER and the mitochondria not only function as a
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Figure 6. A: Relation between voltage and glutamate
release from rod photoreceptors. Combined data from two
separate experiments. The membrane potential change in a
rod evoked by light stimulation and recorded with an
intracellular electrode is depicted by the green line. Change
in relative glutamate release is depicted by red squares. B:
Relation of rod voltage and glutamate release to calcium
current. The data points + SE were obtained from plotsin A
and fit with a Boltzman function. (modified after 21).

source of Ca?* by releasing Ca?* into the cytosol but also
act as a Ca’* buffering system (a “sink”), which can
sequester Ca®* from of the cytoplasm. Functional Ca?*
stores exhibit a large (> three orders of magnitude) Ca?*
concentration gradient between their lumen and the cytosol.
This is achieved via the sarcoplasmic-endoplasmic
reticulum calcium ATPase (SERCA pump). Ca*
accumulation by photoreceptor ER is ATP-dependent
(151), consistent with the action of SERCAs. Growing
evidence supports the view that the contribution of
SERCAs is not limited to refilling the intracellular Ca®*
stores, but that they participate in modulating the
spatiotemporal pattern of the Ca* rise (160). The steady-
state [Ca?*]i in the IS will be determined by the combined
action of PMCAs and SERCAs.

The mitochondria are increasingly viewed as an important
element in Ca®* homeostasis in normally functioning cells
(161-162). These cytoplasmic organelles are prominent in
vertebrate photoreceptors. The mitochondria have a
substantial capacity for Ca?* uptake and can significantly
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buffer Ca?*. Their concentration in the elipsoid region is
amongst the highest in any known vertebrate cell. These
mitochondria may accumulate large amounts of Ca®*
during pathological conditions (17).

6. THE PHOTORECEPTOR TERMINAL: CALCIUM
ION REGULATION AND GRADED RELEASE

Photoreceptors release the neurotransmitter
glutamate from large synaptic terminals characterized by a
number of specialized features. The defining feature is the
abundance of synaptic vesicles — synaptic terminas are
typicaly filled with hundreds of thousands of vesicles
(163-164). Also present are dense core vesicles, elongated
cisterns of the endoplasmic reticulum and microtubules
(149). Photoreceptor terminals are not static structures.
Raviola and coworkers (80) have shown that the synaptic
terminal of turtle cones, which is highly invaginated in the
darkness, flattens out after exposure to light (163).

Electron microscopic studies indicate that the
presynaptic terminal contains from 1 (rods) to ~ 50 (cones)
active zones, each associated with a cluster of synaptic
vesicles and an electron-dense lamellar structure known as
the synaptic ribbon (164). The ribbon is located
perpendicular to the active zone and is surrounded by a
halo of synaptic vesicles. A recently identified component
of the ribbon has an intriguing similarity to CtBP2, a
transcriptional  repressor  related to  2-hydroxyacyl
dehydrogenases (165). The authors therefore suggest that
the ribbon may function in redox and enzymatic reactions
associated with priming and transport of synaptic vesicles.
Active zones of ribbon synapses are longer than those of
conventional synapses and are thus able to accommodate
more docked vesicles (~130). It is generaly thought that
the ribbons function as a conveyor belt specialized for fast
and efficient delivery of synaptic vesicles to the active
zone, where exocytosis occurs. In cat, the ribbon tethers ~
600 synaptic vesicles. An devation in [Ca®']i triggers
release of the entire pool of tethered vesicles. It has to be
stressed, however, that neither the mechanism of action of
the synaptic ribbon nor its structure have been determined,
and these remain two of the key questions in understanding
transmitter release at the photoreceptor synapse and at
graded ribbon synapsesin general.

Release of synaptic vesicles at the photoreceptor
synapse is likely to occur at a high rate — measurements
from dissociated photoreceptors range from ~30 vesicles
per cone synapse (166, 167) to more than 400 vesicles/sec
per rod synapse (22). This is much higher than in
conventional synapses, where rates of ~20 vesicles/'sec
have been reported (168). As shown in Figure 6, release of
glutamate from rod photoreceptors can be approximated as
a linear function of presynaptic [Ca®]i (23). Light
responses from rods were matched to glutamate released
from these cells. Figure 6 shows that the relation between
rod voltage and glutamate release corresponds to the
activation function of the L-type Ca?* current of the rod.
This finding suggests that the relationship between [Ca?*]i
and transmitter release may be linear over a large range of
presynaptic potentials and [Ca?*]i. Similar linearity has
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been suggested for the relationship between [Ca?']i and
exocytosis in salamander rods (22).

Glutamate release should also depend on the
efficacy of presynaptic Ca®* buffering. The passive
properties of Ca?" diffusion and buffering in the cytoplasm
of the synaptic terminal of rods and cones have not been
studied. One question relates to the efficiency of Ca*
extrusion from the terminal. Spatial arrangement of Ca®*
channels relative to each other and to the relevant Ca?*-
binding proteins such as Ca®* ATPases and Ca®* buffers
will determine the characteristics of transmitter release.
Ca’" channels and PMCAs, which are necessary to control
local [Ca?']i, are both likely to be localized close to the
active zone (73, 80). It has been suggested that Ca®* is
extruded from PMCAs localized at the neck of the terminal
itself, relatively far from the active zone (98, 138). [Ca®"]i
and exocytosis rates would in this case be dominated by a
longitudinal Ca®* gradient. Alternatively, if Ca?* extrusion
and influx apparati are colocalized, release is likely to
depend on C&2* microdomains.

Measurements of [Ca?*]i in photoreceptor 1Ss and
synaptic terminals suggested that the dynamic range of the
synaptic [Ca?*]i is ~10 fold, ranging from ~ 500 nM in
darkness to ~ 50 nM in bright light (20-22). The
photoreceptors have therefore evolved mechanisms to
control transmitter release with very low levels of [Ca?]i,
at least 100 —fold lower compared to most conventional
synapses (169-171; but also see 172). In spiking synapses,
vesicle exocytosis occurs only for a brief period related to
the arrival of the spike (169) and this is ensured by the high
cooperativity between the Ca®* entry and transmitter
release (173).

It has long been thought that the uniqueness of
dark release from photoreceptor terminals requires some
adaptation of the protein machinery, such as the ribbon
itself. It was therefore a surprise to discover that ribbon
synapses in mammalian retinae contain the same proteins
found in conventional synapses, including synaptophysin,
syntaxin, synaptotagmin and SNAP-23/25 (174).
Apparently, presynaptic depolarization and the resulting
Ca™* influx activate a similar chain of molecular events in
both conventional and ribbon synapses. In both cases, Ca®*
influx triggers exocytosis of small, clear vesicles docked at
the active zone. However, the ribbon synapses of rods and
cones do differ from conventional synapses in the rest of
the central nervous system in other, more structural,
features: 1) calcium influx is via sustained L-type channels
rather than more transient N-, P/Q- or R- type calcium
channels (88) 2) many more vesicles (~130) are docked at
the active zone than in conventional synapses (~50; ref.
168) and still more are stored at the ribbon itself (~770 in
cat; 168). 3) some photoreceptor terminals lack synapsins |
and |l and rabphilin, the vesicle proteins thought to guide
vesicles towards the active zone (174-175).

In summary, photoreceptor terminas exhibit a
number of morphological and physiological specializations
required to sustain high rates of tonic neurotransmitter
release. The precise mechanisms used to couple changes in
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[Ca®'i to changes in the release rate remain to be
identified. This includes the structure of the synaptic
ribbon, the molecular components that constitute active
zones at central and basal synapses and the Ca?* influx and
extrzusjon mechanisms that maintain the steady-state
[Ca™Ti.

7. CALCIUM
PATHOLOGY

AND PHOTORECEPTOR

Sustained increases in intracellular [Ca*]i may
occur during inherited retina degenerations, retinal
diseases, injuries and chemica exposure and may play a
key role in apoptotic cell death in humans and animals. In
photoreceptors, elevated [Ca?']i could be responsible for
photoreceptor cell death in the rd (retinal degeneration)
mouse, autosomal cone dystrophy and retinitis pigmentosa
(an inherited degeneration of rod photoreceptors) (16, 176),
as well as in cancer-associated retinopathy (177), in lead-
exposed rats (17), ischemia (178) and during light-induced
retinal damage (18). Calcium channel blockers apparently
provide some degree of rod photoreceptor rescue in the rd
mouse and the RCS rat (two model systems for retinitis
pigmentosa), as well as in ischemia (178) and cancer
retinopathy (19, 177, 179). It has been suggested that
photoreceptor rescue occurs as aresult of reduced influx of
Ca*, lower intracellular levels of Ca®* and consequent
stabilization of Ca?" homeostasis (19). Mutations in the rd-
like (PDE b subunit) gene are also found in some human
subjects with retinitis pigmentosa, suggesting this
mechanism may also occur in humans.

Apoptosis of retinal neurons in diabetic retinae
during development is blocked by insulin, which may act
by reducing Ca?" influx through L-type voltage-gated Ca*
channels in the IS (128, 180). On the other hand, Ca®*
influx is necessary to sustain normal physiological and
anatomical activity at the photoreceptor synapse. Mutations
in the a; subunit of the L-type Ca?* channel have been
shown to cause a form of stationary night blindness,
possibly by impairing influx of Ca?* required to sustain
tonic glutamate release from photoreceptor terminals in
darkness (78, 96). Impaired calcium regulation in the inner
segment has also been implicated in diseases such as
Duchenne muscular dystrophy (181). Typicaly, high levels
of dystrophin are observed in photoreceptor terminals
(182). In individuals with Duchenne's dystrophy synaptic
transmission at the rod synapse is suppressed, as evidenced
by ERG recordings (181). These individuds are
consequently blind at night. Although the exact nature of
photoreceptor dysfunction in retinae of Duchenne patients
is not known, dystrophin has been suggested to play arole
in controlling Ca®* influx through ion channels in the
plasma membrane. An increased leak of Ca®* from diseased
cells has been suggested to result in a loss of Ca®*
homeostasis and cell death as well as in aberrant
expression of intracellular Ca?* release mechanisms, such
as the receptors for the intracellular Ca?* messenger 1P,
(183).

Another mechanism leading to cell death might
be related to dysfunctional Ca?* buffering. Ca®*-binding



Calcium Regulation in Photor eceptors

proteins are directly responsible for at least two
degenerative diseases in photoreceptors. First, cancer-
associated retinopathy is an autoimmune disease initiated
by aberrant expression of the Ca’*-binding protein
recoverin in some tumors outside the retina. Its expression
leads to an immune response against photoreceptor cells
and leads to visual impairment or complete blindness (184).
The loss of vision often precedes development of the
cancer and may serve as a diagnostic tool (52). Second,
perturbation in Ca?* homeostasis caused by mutant Ca?*-
binding protein GCAP1 result in autosomal dominant cone
dystrophy and photoreceptor degeneration (52). This
triggers a constitutive activation of GC at high [Ca’*]i, and
causes a sustained increase in [cGMP]. High levels of
cGMP have been directly linked to photoreceptor
degeneration (176). Overexpression of the Ca’*-binding
protein calbindin protects some cells from signals that
increase [Ca?']i and trigger apoptosis.

ER and mitochondria are implicated in Ca®*-
mediated apoptosis in photoreceptors (17-18, 185). Normal
function of Ca?* stores is apparently required for
photoreceptor  survival. When Ca®* sequestration via
SERCA pumps was blocked with thapsigargin, rapid
apoptosis of photoreceptors was observed (185). The
duration of high amplitude Ca?* signals may be controlled
by specific characteristics of PMCA and SERCA pumps
which remove Ca?* from the cytosol (160). At the moment,
the specific mechanisms which may underlie pathological
Ca’" release/sequestration from internal compartments in
the inner segment are not known. For example, it will be
interesting to determine whether treatment of retinae with
agents that suppress ER-mediated Ca’* release via RyRs
also protects photoreceptors against Ca?" excitotoxicity, as
found in other neuronal tissues (eg., 186-187).
Neuroprotective strategies may also involve blockers of 1P;
receptors and voltage-gated Ca?* channels (18-19, 177-179,
188).

8. CONCLUSIONS

In this review we have attempted to illustrate the
multiplicity of processes that regulate [Ca?']i in vertebrate
photoreceptors. Although Ca?* has been known to perform
specialized functions in different parts of cells (including
neurons), Ca®* signaling in photoreceptors stands out
because of the elegance with which Ca®* simultaneously
regulates the transduction of the photon signal as well as
synaptic signaling. The accessibility of signaling cascades
in photoreceptors has proven to be advantageous for
furthering our understanding of stimulus transduction and
cellular signaling in general. For example, Ca?* regulation
in photoreceptors shares many features in common with
olfactory cells and auditory hair cells, including sensory
transduction and adaptation. We showed that the
biophysical properties of the Ca®* ion in combination with
photoreceptor morphology participate in maintaining the
polarized and compartmentalized function of rods and
cones. An example of the sophisticated cellular machinery
run by Ca®" in its role as an integrator is the processes of
light adaptation. Conversely, Ca®* can act to differentiate
and seclude cdlular processes within different cellular
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regions via selective localization of Ca* influx, extrusion
and buffering mechanisms. Finally, we showed that normal
function of Ca®* signaling pathways has a strong impact on
visual signaling and is therefore likely to be fundamental
for maintaining the quality of human life experience. In the
years to come we need to understand more how OS
function is integrated with the IS processes to transmute the
OS signal, transmit it across the synapse and thus provide
the foundation on which vision is built.
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