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Glossary

g0005 ankyrin repeats Protein-binding motifs.

g0010 Arr1 Arrestin 1.

g0015 Arr2 Arrestin 2.

g0020 ATP Adenosine 59-triphosphate.

g0025 BAPTA 1,2-bis(o-aminophenoxy)ethane-

N,N,N9,N9-tetraacetic acid, fast Ca2þ-specific

chelator.

g0030 Ca orange Calcium indicator.

g0035 Ca ATPase ATP-dependent Ca2þ pump.

g0040 CaCaM Ca2þ calmodulin.

g0045 caged Ca2þ Photolabile compound with tightly

bound Ca2þ which can be released by photolysis.

g0050 Calliphora Blowfly.

g0055 calnexin Gene encoding a Ca2þ-binding, chaper-

one protein.

g0060 calphotin Gene encoding a Ca2þ-binding protein.

g0065 CalX Drosophila sodium/calcium exchanger,

belonging to NCX family.

g0070 CaM Calmodulin.

g0075 CaMKII Calmodulin kinase II.

g0080 CBS Calmodulin-binding site.

g0085 CC Coiled-coil region.

g0090 CDP–DAG Cytidine 59-diphosphate–

diacylglycerol.

g0095 CDP–DAG synthase Enzyme that converts PA

into CDP–DAG.

g0100 cds Gene encoding CDP–DAG synthase.

g0105 cGMP Cyclic guanosine 3,5-monophosphate.

g0110 clathrin A major constituent of the protein coat of

vesicles formed during endocytosis.

g0115 CMP Cytidine 59-monophosphate.

g0120CNG Cyclic nucleotide gated.

g0125CTP Cytidine 59-triphosphate.

g0130DA Dark adapted.

g0135DAG Diacylglycerol.

g0140DAG lipase Enzyme that converts DAG into

PUFAs.

g0145DGK Diacylglycerol kinase.

g0150diptera Flies which only have a single pair of wings

on the mesothorax.

g0155Drosophila Fruitfly.

g0160EC50 The half-maximal concentration for

excitation.

g0165eGFP Enhanced green fluorescent protein.

g0170EGTA Ethylene glycol tetraacetic acid, a slow

Ca2þ chelator.

g0175ER Endoplasmatic reticulum.

g0180ERG Electroretinogram.

g0185Fluo-3 Calcium indicator.

g0190FRET Fluorescence resonance energy transfer.

g0195G Heterotrimeric G protein.

g0200GAP GTPase-activating protein.

g0205GDP Guanosine 59-diphosphate.

g0210GPRK1 G protein-coupled receptor kinase.

g0215Gq AU11PLC-activating G protein.

g0220GTP Guanosine 59-triphosphate.

g0225GTPase GTP-hydrolyzing protein.

g0230G� Heterotrimeric G protein alpha subunit.

g0235G� Heterotrimeric G protein beta subunit.

g0240G� Heterotrimeric G protein gamma subunit.

g0245IC50 The half-maximal concentration for inhibition.
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g0250 immunogold labeling Antibody labeling using

colloidal gold, visible in electron microscope.

g0255 ina inactivation no afterpotential gene.

g0260 INAC Eye-specific PKC encoded by inaC gene.

g0265 INAD Scaffolding protein encoded by inaD gene.

g0270 INDO-1 Calcium indicator.

g0275 InsP3 Inositol 1,4,5 trisphosphate.

g0280 InsP3R InsP3 receptor.

g0285 ipRGC Intrinsically photosensitive retinal ganglion

cells.

g0290 Kir2.1 PIP2-sensitive inward rectifier ion channel.

g0295 LA Light adapted.

g0300 laza Lazaro, gene encoding LPP.

g0305 LIC Light-induced current.

g0310 Limulus Horseshoe crab.

g0315 LMC Large monopolar cells (first-order visual

interneurons).

g0320 LPP Lipid phosphate phosphohydrolase.

g0325 M Metarhodopsin.

g0330 Na/K ATPase Sodium–potassium pump.

g0335 NCKX Potassium-dependent sodium/calcium

exchange.

g0340 NCX Na/Ca exchanger with 3Na:1Ca

stoichiometry.

g0345 nina no inactivation no afterpotential gene.

g0350 NINAC Class III myosin.

g0355 norp no receptor potential gene.

g0360 NORPA Eye-specific PLC encoded by norpA

gene.

g0365 ocelli Small, dorsally located simple eyes.

g0370 ommatidium Cluster of photoreceptor cells and

accessory cells underlying each facet lens of the

compound eye.

g0375 opsin Light-sensitive transmembrane G protein-

coupled receptor.

g0380 P Ionic permeability.

g0385 PA Phospatidic acid.

g0390 PC Phosphatidylcholine.

g0395 PDA Prolonged depolarizing afterpotential.

g0400 PDZ domain (PSD95, discs large, zonula adhe-

rens) protein binding domain, five of which are

found in the scaffolding protein INAD.

g0405 phosrestin Alternative name for arrestin.

g0410 PI Phosphatidylinositol.

g0415 Pi Phosphate.

g0420 PI kinase Enzyme that phosphorylates PI-produ-

cing PIP.

g0425PI synthase Enzyme that converts CDP–DAG into

PI.

g0430PIP Phosphatidylinositol 4-phosphate.

g0435PIP kinase Enzyme that phosphorylates PIP-pro-

ducing PIP2.

g0440PIP2 Phosphatidylinositol 4,5-bisphosphate.

g0445PITP PI transfer protein.

g0450PKA Protein kinase A.

g0455PKC Protein kinase C.

g0460PLC Phospholipase C.

g0465PLC� Phospholipase C�.

g0470PLD Phospholipase D.

g0475PUFA Polyunsaturated fatty acid.

g0480quantum bump Single-photon response.

g0485R Rhodopsin.

g0490R1–6 Major class of fly photoreceptor cells.

g0495R7 and 8 Minor classes of fly photoreceptor cells.

g0500rdg retinal degeneration gene.

g05053-hydroxy retinal Chromophore of dipteran

opsins.

g05103-hydroxy retinol Sensitizing pigment.

g0515RGS Regulator of G protein signaling.

g0520rhabdomere Light-absorbing structure of the

photoreceptor cell.

g0525RK Rhodopsin kinase.

g0530RyR Ryanodine receptor.

g0535scaffolding protein A protein that binds multiple

other proteins of different types.

g0540serotonin A monoamine neurotransmitter.

g0545Shab Potassium channel gene.

g0550Shaker Potassium channel gene.

g0555Shal Potassium channel gene.

g0560signalplex The INAD complex (also referred to as

transducisome).

g0565SMC Submicrovillar cisternae.

g0570thapsigargin Endoplasmic reticulum Ca2þ-

ATPase inhibitor.

g0575TRP Light-activated nonspecific cation channel

encoded by trp gene.

g0580trp transient receptor potential gene.

g0585TRPL Light-activated nonspecific cation channel

encoded by trpl gene.

g0590trpl transient receptor potential-like gene.

g0595TRP� TRP homologue.

g0600UV Ultraviolet light.

g0605WT Wild type.
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Abbreviation
Arr1 arrestin 1

Arr2 arrestin 2

ATP adenosine 59-triphosphate

CBS calmodulin-binding site

CBS CaM-binding sites

CC coiled-coil region

CDP–DAG cytidine-59-diphosphate–

diacylglycerol

CNG cyclic nucleotide gated

CTP cytidine-59-triphosphate

DA dark adapted

EGFP enhanced green fluorescent

protein

ER endoplasmatic reticulum

ERG electroretinogram

FRET fluorescence resonance energy

transfer

GAP GTPase-activating protein

GPRK1 G-protein-coupled receptor kinase

ipRGCs intrinsically photosensitive retinal

ganglion cells

LA light adapted

LIC light-induced current

LPP lipid phosphate phosphohydrolase

NinaE no inactivation no afterpotential e

norpA no receptor potential a

PAP phosphatidic acid phosphatase

PDA prolonged depolarizing afterpotential

RK rhodopsin kinase

ROS rod outer segments

TM transmembrane

s0005 6.63.1 Introduction

p0005 The task of encoding visual information poses photo-

receptors with a number of formidable and often

conflicting challenges. They must maximize their sen-

sitivity, by being able to absorb a high fraction of the

incident light; at the same time they may need to

optimize visual acuity, by keeping the cross-sectional

area of the light-capturing organelle close to the wave-

length of light. Maximum sensitivity also requires the

ability to detect single photons, reliably and as rapidly

as possible. In addition, they must be able to light adapt

in order to operate over the vast environmental range

of intensities, which span more than 10 orders of mag-

nitude from starlight to direct sunlight. In the course of

evolution, two major classes of ocular photoreceptors

have become specialized to perform these functions:

ciliary photoreceptors, typified by vertebrate rods and

cones (see Yau, K-W., this volume), and the microvillar,

or rhabdomeric photoreceptors of many invertebrate

groups, including arthropods and most mollusks.
p0010 Ciliary and microvillar photoreceptors diverged

very early in metazoan evolution (Arendt, D., 2003),

and their separate evolutionary histories have resulted

in rather different biological solutions to the challenges

photoreceptors face. Although all known ocular photo-

receptors use rhodopsin to absorb the incident light

energy, and a G protein-coupled signaling cascade to

transduce this into changes in conductances in the

plasma membrane, the detailed biochemical pathways

are quite distinct. Where studied, the transduction

cascade of ciliary photoreceptors leads to metabolism

of cyclic GMP (cGMP) and modulation of cyclic

nucleotide-gated ion channels (CNG channels), whilst

microvillar photoreceptors use the more widespread

phosphoinositide cascade, characterized by the effector

enzyme phospholipase C (PLC) and activation of non-

selective cation channels, probably often belonging to

the transient receptor potential (TRP) superfamily.

Perhaps not surprisingly, the two classes of photore-

ceptors have in many respects functionally converged;

however, there are several intriguing differences in

performance. Most notably perhaps, vertebrate eyes

usually solve the problems of absolute sensitivity,

speed of response and dynamic range by using two

classes of photoreceptors: rods, which can detect single

photons with limited temporal resolution, but which

saturate at moderate photon fluxes; and cones, which

cannot detect single photons, but which respond

rapidly and can light adapt to signal under the brightest

daylight intensities (see Yau, K-W., this volume). By

contrast, many invertebrate photoreceptors not only

detect single photons, they often do so more rapidly

than rods and yet can still light adapt to signal in full

sunlight, when photon fluxes per photoreceptor can

exceed 106 effectively absorbed photons per second.

This chapter attempts to describe the cellular and

molecular mechanisms that underlie this performance,

concentrating on the photoreceptors of the fruit fly

Drosophila, which has become the preferred model of

invertebrate phototransduction, primarily because of

its enormous potential for genetic manipulation and

SNSE 00402
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analysis (reviewed in Montell, C., 1999; Minke, B. and
Hardie, R. C., 2000; Hardie, R. C. and Raghu, P., 2001;
Pak, W. L. and Leung, H. T., 2003). After introducing
the structural and electrophysiological framework in
sections Photoreceptor and Retinal Morphology and
Electrophysiology, sections Molecular Components of
the Phototransduction Cascade, Messengers of
Excitation, Ca2þ-Dependent Feedback and
Mechanisms of Adaptation, and Phosphoinositide
Metabolismconsider the various molecular compo-
nents of the cascade and how they are regulated. In
section Molecular Strategies of Quantum Bump
Generation and Adaptation, we attempt to summarize
our current understanding of the molecular strategies
underlying the physiological performance, and finally
in section Phototransduction Mechanisms in Other
Invertebrates we provide a brief overview of photo-
transduction mechanisms in some other invertebrate
preparations.

s0010 6.63.2 Photoreceptor and Retinal
Morphology

p0015 Rhodopsin is a transmembrane protein, and in order
to maximize absorption of incident light most

photoreceptors have evolved structures to increase

the surface area of light-absorbing membrane. In

vertebrate rods, these are the rod outer segments

(ROS) consisting of stacks of internalized membra-

nous discs. Many invertebrates, including arthropods

and mollusks, utilize rhabdomeres, which consist of

tightly packed arrays of microvilli. Rhabdomeres in

Drosophila consist of �30–50 000 microvilli, each 1–

2 mM long and 60 nm in diameter (Figure 1). They

develop from the apical surface of the cell to which

they are attached by a narrow neck. Each microvillus

contains �1000 rhodopsin molecules closely packed

in the microvillar membrane at a density of

�4000 mM�2. Together, the microvilli form the

rhabdomere, a 80- to100-mm-long and 1- to 2-mm-

diameter tapering rod-like structure, which functions

as a waveguide, trapping some 50% of the incident

axial light at the wavelength of peak absorption

(reviewed in Hardie, R. C., 1985).
p0020Eight such photoreceptors are assembled in a so-

called ommatidium behind each of the�750 facets of

the Drosophila compound eye. In cross section, the

rhabdomeres form a precise hexagonal array with

six peripheral rhabdomeres (R1–6) all containing

the same visual pigment (Rh1 with �max¼ 480 nm),

and a central tiered rhabdomere (R7 in the distal two

Lens
Pseudocone

Cone cell

Photoreceptor
cell body
Rhabdomere

Intraommatidial
cavity

Actin filament

Zon. adh.

SMC

R2

Pigment
granules

R7

R6

R5

R4

R3

Microvilli

1–2 μm

~
10

0 
μm

~
10

 μ
m

1° pig. cell

2° pig. cell

f0005 Figure 1 Photoreceptor and retinal morphology in Drosophila. Left: Schematic of ommatidium showing the photoreceptors
with the microvillar rhabdomeres, surrounded by secondary pigment cells. Light is focussed on the rhabdomere tips by the

overlying lens through the pseudocone. The pseudocone is filled with fluid secreted by the underlying cone cells (Semper

cells), and surrounded by primary pigment cells. The schematic cross section shows the hexagonal array of rhabdomeres,
projecting into the intraommatidial cavity. The central photoreceptor is R7 (an ultraviolet (UV) receptor), the rest are R1–6

cells. The eighth photoreceptor R8, whose rhabdomere is contiguous with that of R7, lies proximally in the ommatidium. The

photoreceptors are connected by specialized junctions, called zonula adherens, or desmosomes, which separate the apical

(medial) membrane of the cell from the basolateral membrane. The detailed schematic (below) shows how the rhabdomere is
formed from tightly packed microvilli, with a system of submicrovillar cisternae (SMC) lining their base. Right: The electron

micrograph shows the six R1–6 cells with large rhabdomeres and the central R7 cell; pigment granules can be seen close to

the base of the rhabdomeres (scale bar 1 mm).
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thirds of the ommatidium, R8 in the proximal third).
R7 and R8 cells have a variety of visual pigments
(�max �340, 370, 440, and 510 nm), which subserve
the fly’s color vision. As far as is known, the basic
mechanism of phototransduction is the same in the
different classes of photoreceptors, and apart from
the rhodopsins, there appear to be no cell-specific
isoforms of the various component of the transduc-
tion cascade as is the case in vertebrate rods and
cones (see Yau, K-W., this volume). However, the
majority of studies have been performed on the major
class of photoreceptors, R1–6.

p0025 The rhabdomeres project toward the center of the
ommatidium into a large extracellular space (the
intraommatidial cavity), delimited by specialized
junctions (desmosomes, or zonula adherens) between
neighboring photoreceptors. Photoreceptors are
derived from epithelial cells, and these junctions
separate the apical (rhabdomere and stalks)
membrane from the basolateral membrane, which
forms the outer surface of the photoreceptor cluster
(Figure 1). Unlike tight junctions, desmosomes do not
represent a diffusion barrier between the
intraommatidial cavity and the rest of the extracel-
lular space (Chi, C. and Carlson, S. D., 1981).
Completing the ommatidium are a number of acces-
sory cells: four distal cone, or Semper cells, that form
the floor of the fluid-filled transparent pseudocone,
which forms the optical path between the rhabdo-
mere tips and the facet lens; two primary pigment
cells, which surround the distal ends of the
photoreceptors and form the walls of the pseudocone,
and 12 secondary and tertiary pigment cells, shared
between ommatidia (Ready, D. F., 1989). Also
referred to as pigmented glia, the pigment cells
surround the photoreceptors, optically isolating the
ommatidia over the depth of the retina. At the base of
the retina, the R1–6 photoreceptors project short
axons to the first neuropile (lamina), where they
form histaminergic synapses with second-order
cells, the large monopolar cells (Hardie, R. C., 1989;
Sarthy, P.V., 1991). The microvilli contain no inter-
nal membranous structures; however, each contains a
single central F-actin filament. With appropriate
fixation, the actin filament can be seen to be
connected to the microvillar membrane via sidearms
(see Figure 6), which may be formed by the class III
unconventional myosin NINAC (Kumar, J. P. and
Ready, D. F., 1995; Hicks, J. L. et al., 1996). Closely
apposed (10 nm) to the base of the microvilli, is an
array of submicrovillar cisternae (SMC), which
are derived from smooth endoplasmic reticulum

(ER). These have been considered to represent inter-
nal Ca2þ stores, and similar, more extensively
developed structures in many arthropods (including
bee and Limulus) mediate light-induced Ca2þ

release (see Phototransduction Mechanisms in
Other Invertebrates, reviewed in Nasi, E. et al.,
2000). However, in Drosophila and many other
Diptera, the SMC are much reduced in size with a
very narrow lumen and it is questionable whether
they perform any significant role in the release of
Ca2þ (Ca2þ Signals). They effectively form a fene-
strated double-layered membranous curtain lining
the bases of the microvilli and they may be more
important as a site for PI recycling
(Phosphoinositide Metabolism), and also perhaps as
a diffusion barrier or baffle between the rhabdomere
and the rest of the cell.

p0030The cell body contains numerous �0.1 mm pig-
ment granules, which migrate toward the
rhabdomere in response to light, functioning as a
cell autonomous pupil. Since the rhabdomere acts
as a waveguide, a significant fraction of the light
actually travels outside its perimeter (evanescent
wave). The pupil pigment granules can therefore
effectively bleed light from the rhabdomere, thereby
attenuating up to 90–99% (Roebroek, J. G. H. and
Stavenga, D. G., 1990) of the incident light. The pupil
also significantly improves spatial resolution by nar-
rowing the acceptance angle, whilst causing a blue
shift in the spectral sensitivity (Hardie, R. C., 1979;
Stavenga, D. G., 2004). Pupil pigment migration,
which is intensity dependent, occurs over a time
course of �5 s following onset of illumination. The
exact mechanism remains obscure, but it is Ca2þ

dependent (Kirschfeld, K. and Vogt, K., 1980), and
since it can be readily monitored with optical tech-
niques in the intact animal, it can be used as an in vivo

measure of photoreceptor performance and Ca2þ

signaling (e.g., Hofstee, C. A. and Stavenga, D. G.,
1996).

p0035The immediately obvious function of the rhabdo-
meric structure is to provide the light capturing
waveguide required for maximizing absorption
whilst preserving spatial sensitivity. The parallel
arrays of microvilli also provide the rhabdomere
with an intrinsic dichroism, which forms the basis
for the ability of arthropods and mollusks to detect
and discriminate polarized light (Wehner, R., 1989).
In addition, the microvillar structure is also the key
to understanding many aspects of the photoreceptors’
performance (see Molecular Strategies of Quantum
Bump Generation and Adaptation). All the major
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components of the transduction cascade, from rho-

dopsin to the light-sensitive channels are localized in

the microvillus, and it seems likely that the immedi-

ate effect of single-photon absorption is more or less

limited to activation of enzymes and channels in the

microvillus where it was absorbed. This extreme

compartmentalization is crucial for the rapid kinetics

of the response to light, as it minimizes diffusional

delays, and also greatly increases the effective con-

centration of molecular components and metabolic

intermediates in the transduction cascade (see

Molecular Strategies of Quantum Bump Generation

and Adaptation). For example, within the volume of

one microvillus, just a single molecule represents a

concentration of �1 mM; whilst the average resting

concentration of free Ca2þ (100–200 nM) would

represent just one-quarter of a Ca2þ ion in solution

at any one instant!

s0015 6.63.3 Electrophysiology

s0020 6.63.3.1 Invertebrate Photoreceptors
Depolarize

p0040 Ever since the first photoreceptor intracellular

recordings in the 1960s, it has been known that ver-

tebrate photoreceptors hyperpolarize in response to

light due to closing of cation channels, whilst inver-

tebrates depolarize. Under many conditions, this

difference may be of minor functional significance,

since both types of photoreceptors signal via graded

potentials and under most situations are responding

to fluctuations of intensity (contrast) around a mean

background. However, there are important implica-

tions under certain conditions, such as the ability to

detect single photons. In rods, there are �104 chan-

nels open in the dark, and a large number need to be

closed to make significant difference. Thus, a typical

quantum bump in a vertebrate rod represents the

closing of �200 channels, generating a response of

�1 pA (see Yau, K-W., this volume). By contrast, in

microvillar photoreceptors the channels are closed in

the dark, membrane resistance is at its highest, and

only a few channels may need to be opened to gen-

erate a significant depolarization. Indeed, in

Drosophila only �15 channels are activated during a

quantum bump (Henderson, S. R. et al., 2000), gen-

erating a 10-pA current and a voltage response of

�1–2 mV in the intact eye (Wu, C. F. and Pak, W. L.,

1978; Johnson, E. C. and Pak, W. L., 1986).

s00256.63.3.2 Voltage-Clamped Light-Induced
Current

p0045Because of their small size, intracellular recordings
from Drosophila photoreceptors are technically chal-
lenging (see Other Channels and Transporters);
however, it has also proved possible to record from
single photoreceptors using whole-cell patch clamp
techniques from dissociated ommatidia of both pupae
and young adults. This preparation, developed inde-
pendently in two laboratories (Hardie, R. C., 1991a;
1991b; Ranganathan, R. et al., 1991), allows isolation
of the light-induced current (LIC) with excellent
recording quality, whereby responses to single
photons, single G proteins, and even single channels
can be clearly resolved. This preparation, in combi-
nation with the molecular genetic potential of
Drosophila, has been particularly important for recent
advances in our mechanistic and quantitative under-
standing of phototransduction.

p0050In the dark, photoreceptors have a resting poten-
tial of ��70 to �80 mV, which is close to the
potassium equilibrium potential (�85 mV) under
standard recording conditions. The cells have a
high input resistance (�2 G�) and a large capaci-
tance (�60 pF), the majority (>80%) of which can be
attributed to the surface area of the microvillar mem-
brane. This results in a slow membrane time constant
(12 ms for the dark-adapted (DA) values above), but
intracellular recordings in the intact animal suggest
that the membrane properties do not compromise the
temporal resolution of even DA responses in the
voltage domain, and may even be advantageous in
filtering out high-frequency noise (Juusola, M. and
Hardie, R. C., 2001).

p0055An ongoing barrage of�2-pA events at rates of 1–
4 s�1 can be resolved in complete darkness (Figure 2),
which is eliminated in mutants of the G protein �
subunit and therefore probably represents activation
of the cascade by spontaneous activation of single G
proteins (Hardie, R. C. et al., 2002). Recent evidence
indicates that the rate is only kept this low by the
presence of approximately twofold excess of G pro-
tein � subunits, and, the spontaneous dark noise is
greatly increased in heterozygote mutations of G�
when there are approximately equal numbers of �
and � subunits (Elia, N. et al., 2005). Much more
rarely, random thermal rhodopsin isomerizations
generate spontaneous quantum bumps at rates of
less than 1 min�1 (Henderson, S. R. et al., 2000).

p0060With dim illumination individual quantum bumps
can be clearly resolved (Figure 2). Strict adherence to

SNSE 00402
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Poisson statistics, as well as frequency of seeing

curves, indicate that these represent responses to

single-photon absorptions (Wu, C. F. and Pak, W.

L., 1975; Henderson, S. R. et al., 2000). The quantum

bumps have a mean amplitude of �10 pA (range
�2–20 pA) representing the simultaneous opening

of �15 channels. This is consistent with the opening

of channels in a single microvillus, which, according

to quantitative biochemical estimates in the larger fly

Calliphora, should contain about 25 channels (Huber,
A. et al., 1996a). Quantum bumps have a duration

(halfwidth) of �20 ms and are generated with a char-

acteristically variable latency of between �20 and

100 ms (mean �40–50 ms). Consequently, the wave-

form of the macroscopic response to brief flashes
represents the convolution of the bump waveform

and its latency dispersion. Unlike the situation in

rods, voltage-clamped quantum bumps sum linearly

over a large range, and the macroscopic response to

brief flashes containing up to at least several hundred

photons can be accurately reconstructed from the
linear superposition of the underlying bumps

(Henderson, S. R. et al., 2000). The essential kinetic

description of the DA flash response is thus embodied

in the bump waveform and its latency distribution

(Figure 2).
p0065With longer steps of light, the bumps fuse to form

a noisy maintained inward current, and as the inten-

sity increases there is an increasingly rapid transition

from peak to plateau representing the onset of light

adaptation. At higher intensities this overshoots giv-

ing rise to what is effectively a damped oscillation

(Figure 3(d)). Peak responses can greatly exceed

20 nA, but are not accurately voltage-clamped, whilst

the steady-state plateau saturates at �500 pA.

Increments of intensity superimposed upon main-

tained backgrounds elicit responses with the classic

features of light adaptation (Figure 4): gain is

decreased as a function of background intensity,

whilst the kinetics are significantly accelerated. In

the current (voltage-clamped) domain, the shift of

the response along the intensity (I) axis with light

adaptation can simply be described as multiplicative

reduction in gain (Gu, Y. et al., 2005); in the voltage

Latency
dispersion

Bump

0 100 200 ms

Macroscopic
100 ms

100 ms

250 pA

500 ms

5 pA

(b) (c)

(a)

5 pA

f0010 Figure 2 Quantum bumps. (a) Response of a whole-cell voltage-clamped photoreceptor to 2 s of dim illumination (�2

effectively absorbed photons per second, bar). In the dark, small �2-pA events (e.g., arrow) are likely to represent

spontaneous activation of single G proteins. Light induces a train of �10-pA quantum bumps. (b) Responses to brief (1 ms)

flashes (arrows), containing on average 0.5 effective photons. Some flashes induce no response (failures), others induce
single quantum bumps with a variable latency; below, the macroscopic response of the same cell to a flash containing �100

photons is broader than the individual quantum bumps. (c) Top: latency distribution (histogram) of quantum bumps elicited by

brief flashes (as in (b)); below, normalized waveforms of quantum bump and macroscopic response. The smooth curve in the
top trace, obtained by mathematically deconvolving the two waveforms, is an excellent fit to the latency distribution,

confirming that the waveform of the macroscopic response represents the convolution of the bump latency distribution and

bump waveform. (Hardie unpublished data; for further details, see Henderson, S. R. et al., 2000).AU2
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100 ms
20 mV

100 ms
500 pA

500 pA
200 pA

25 pA

2 s
1 s

1 s

(a) (b)

(c)(d)

f0015 Figure 3 Whole-cell recordings of light responses in Drosophila photoreceptors. (a) Lower traces: Voltage-clamped

responses recorded by whole-cell patch clamp from a dissociated ommatidium to brief (1 ms) flashes of increasing intensity

(�5 to�500 effective photons): responses in this range scale linearly with intensity. Upper family of traces: voltage recordings

in current clamp mode from the same cell. (b)–(c) Responses to 2-s steps of light of increasing intensity (note different scales
in (b) and (c)): bumps fuse to form noisy inward currents, which then show an increasingly rapid peak–plateau transition as

intensity increases ((b): 3, 30, and 300 photons per second; (c) 30, 300, 3000, and 18 000 photons per second). This transition

is a direct manifestation of light adaptation. (d) Response to a bright stimulus (3� 105 photons per second), approximating

daylight intensities: the peak response (>10 nA and off-scale) rapidly adapts, generating a notch before reaching a plateau
that then slowly relaxes to the final steady-state level. After light off, there is a small outward current due to the electrogenic

Naþ/Kþ ATPase. (Hardie, R. C., unpublished data.)

(a)

(b)

(d)

(c)DA

LA

250 ms

200 ms
500 pA

LA DA

DA 4000 22 000

101

nA

2

4

102 103

Effective photons
104 105

50 ms1 nA

f0020 Figure 4 Light adaptation. (a) and (b) Voltage-clamped responses to brief (1 ms) flashes of increasing intensity in the dark,

and the same flashes superimposed on a maintained background of �22 000 effectively absorbed photons per second,
generating a plateau response of �150 pA (dotted line shows zero current). Inset shows the onset of the adapting light. (c)

Response intensity functions from recordings, similar to those shown in (a) and (b), in dark-adapted (DA) and light-adapted

(LA) states (intensity in effective photons per second). The DA response intensity function is accurately reproduced by simple
linear scaling of a LA response intensity function (dotted line), indicating that light adaptation at this level can be simply

described by a multiplicative reduction in gain. (d) Normalized flash responses of DA and LA responses show the acceleration

in kinetics typical of light adaptation. (Adapted from Gu, Y. et al., 2005 with permission.)
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domain, this translates into a more complex behavior
(shifted V/log I functions, slope increasing with
intensity) due to the passive and voltage-dependent
properties of the membrane.

s0030 6.63.3.3 Potassium Channels

p0070 In the voltage domain, the overall response is further
shaped by passive membrane properties, as well as a
variety of voltage-sensitive conductances and elec-
trogenic transporters. Dominant amongst these are at
least four classes of potassium channels, which play
important, though often subtle roles in shaping the
voltage response.

(1) A very rapidly activating and inactivating A cur-
rent, IA, encoded by the prototypical voltage-
gated Kþ channel gene, Shaker (Hardie, R. C.,
1991a; Hardie, R. C. et al., 1991). The voltage
operating range of this current is more negative
(V50act¼�24 mV) than for other reported Shaker

currents, though it can be shifted to a more
positive range by serotonin (Hevers, W. and
Hardie, R. C., 1995). Modeling and intracellular
recordings from photoreceptors in the intact ani-
mal suggest that the voltage dependence of the
so-called window current, representing the over-
lap of the steady-state activation and removal
from inactivation voltage dependences, can
effectively amplify voltage signals and thus
results in a significant improvement in the infor-
mation capacity (Niven, J. E. et al., 2003). The
Shaker channels are densely expressed on the
outer (basolateral) membrane of the photorecep-
tors and are almost always encountered at high
density in cell-attached patch recordings
(Hardie, R. C., 1991a).

(2) A slowly activating delayed rectifier, IKsAU3 (Hardie,
R. C., 1991a), which is encoded by the Shab gene
(Vahasoyrinki, M. et al., 2006). Although generat-
ing similar sized currents to IA, IKs channels are
only very rarely encountered in cell-attached
patch recordings, suggesting they have a different
localization, possibly on the apical membrane. IKs

has a more positive voltage operating range than
IA (V50 act¼�0 mV) and inactivates much more
slowly with a time constant of �1 s. This is the
dominant maintained outward current at depo-
larized potentials, which would be predicted to
counteract the depolarization and help prevent
saturation. Interestingly, the Shab conductance is

only expressed in R1–6, but not in R7 and R8
cells (Anderson, J. and Hardie, R. C., 1996).

(3) A fast delayed rectifier, IKf with intermediate
kinetics (inactivation � � 50 ms) and a slightly
more negative operating range than IA. From its
properties, IKf is most likely encoded by Shal.
This conductance is found in R1–6, R7, and R8,
but is not uniformly expressed, and is entirely
lacking in some cells (Hardie, R. C., 1991a;
Vahasoyrinki, M. et al., 2006). One may speculate
that it fine tunes the kinetics of the voltage out-
put and may be expressed preferentially in
certain eye regions with specific demands on
temporal resolution.

(4) A very slowly activating and noninactivating K
current which has been revealed in Sh;Shab dou-
ble mutants (Vahasoyrinki, M. et al., 2006).

p0075In addition, the photoreceptors may express two
classes of Ca2þ-activated K channels (Slo and Sk),
and preliminary data using intracellular voltage
recording in the intact animal suggest that mutants
lacking these channels have subtle defects in their
peak-to-plateau transition (Wolfram, V., 2004).

s00356.63.3.4 Other Channels and Transporters

p0080As well as Kþ channels, the photoreceptors also
express a noninactivating voltage-gated Ca2þ con-
ductance, which can be recorded in the cell body,
but is presumably more important in synaptic release
at the photoreceptor axon terminal (Hardie, R. C.
and Mojet, M. H., 1995; Anderson, J. and Hardie, R.
C., 1996). In addition, the photoreceptors exhibit
inward rectification due to a hyperpolarization-acti-
vated chloride current (Hardie, R. C. and Minke, B.,
1994b), recently characterized in detail by Ugarte G.
et al. (2005), who suggest it is encoded by clc-2.

p0085Finally, the photoreceptors express at least two
electrogenic transporters:

(1) A Naþ/Kþ ATPase, which is expressed predo-
minantly on the basolateral surface of the cell
away from the rhabdomere (Yasuhara, J. C.
et al., 2000). It generates an outward current (or
afterhyperpolarization in the voltage domain)
following bright stimulation (e.g., Figure 3) and
can make a significant contribution to the depo-
larized plateau potential level (Jansonius, N. M.,
1990).

(2) An electrogenic Naþ/Ca2þ exchanger (calx

gene), which is predominantly expressed in the
microvillar membrane, and which can generate
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currents of up to �100 pA (Hardie, R. C., 1995;
Wang, T. et al., 2005b). Belonging to the NCX
family (Schwarz, E. M. and Benzer, S., 1997), it
represents the dominant mechanism of Ca2þ

extrusion, and plays an essential role in clearing
the Ca2þ influx associated with the light-sensi-
tive current (Wang, T. et al., 2005b) (see also
Ca2þ Transients in the Rhabdomeres). A second,
Kþ-dependent Naþ/Ca2þ exchanger gene
(NCKX) has also been reported to be expressed
in the photoreceptors (Haug-Collet, K. et al.,
1999), but has not been detected electrophysio-
logically (Wang, T. et al., 2005b).

s0040 6.63.3.5 Intracellular Recordings of Voltage
Responses

p0090 Intracellular recordings of photoreceptors in the
intact animal are demanding, and values for resting
potential, and input resistance may often be under-
estimated due to the shunt resistance introduced by
electrode penetration. The best recordings report
resistances of up to �200–500 M�, and resting
potentials of ��70 mV (Juusola, M. and Hardie, R.
C., 2001). Apart from the shunt resistance, the differ-
ence between these values and values recorded in
dissociated cells may also reflect the contribution
from the axon terminal, which is severed during the
dissociation. Thus, recent evidence suggests there is a
significant depolarizing synaptic feedback at the
receptor terminal, and when synaptic transmission
was blocked by warming the temperature-sensitive
shibire mutation, the photoreceptors hyperpolarized
by a further 10–15 mV (Zheng, L. et al., 2006).
Responses to brief flashes show broadly similar
kinetics to the LIC, but are slightly faster in rise
time with a more skewed waveform; quantum
bumps of �1–2 mV can be resolved with dim illumi-
nation (Wu, C. F. and Pak, W. L., 1975; 1978). As in
most arthropod photoreceptors, saturating responses
reach �70 mV, close to the reversal potential of the
light-sensitive channels, with a maintained plateau of
�30 mV above resting potential. V/log I curves are
sigmoidal, covering 4–5 log units of intensity with a
log-linear region of �2 log units.

p0095 Photoreceptors in wild type (WT) flies light adapt
and continue responding to contrast fluctuations up
until at least 106 effectively absorbed photons per
second, equivalent to vision under the brightest day-
light conditions. Contrast sensitivity and temporal
resolution improve with light adaptation, allowing
transmission of signals up to �100 Hz (3 dB cutoff

at 25 Hz) with an information capacity of �200 bits
per second at 25 �C (Juusola, M. and Hardie, R. C.,
2001).

s00456.63.3.6 Electroretinogram

p0100Extracellular electroretinogram (ERG) recordings
can be made straightforwardly with an electrode
placed on the surface of the cornea (Figure 5). The
ERG represents the summed activity of all the
photoreceptors, and also higher-order neurons and
glial cells. The sustained corneal negative component

Wild type

O B B O O

ninaA

nonA

norpA
10 mV
10 s

f0025Figure 5 Electroretinogram (ERG) recordings. In a wild-

type (WT) fly a 5-s pulse of orange light elicits a typical ERG

with on and off transients and a maintained corneal negative
component. At light off, the potential returns rapidly to

baseline; however, a blue stimulus which converts >50% of

R to M, creates a prolonged depolarizing afterpotential
(PDA), whilst a second blue test flash elicits a much reduced

(inactivated) response lacking the transients, and which is

primarily mediated by the R7 cells. A subsequent orange

stimulus, which reconverts M to R, terminates the PDA and
restores sensitivity. In the no inactivation no afterpotential

mutant, ninaA, there is no PDA and no loss of sensitivity

(inactivation) to the second blue test flash. This is the

classical nina phenotype found in a variety of mutants that
have low levels of rhodopsin (ninaA encodes a chaperone

required for rhodopsin folding and targeting). The nonA

mutant lacks the on and off transients, but is otherwise

normal, suggesting a defect in synaptic transmission. The
norpA mutant (encoding PLC) has no detectable response.

(Reproduced with permission from Pak, W. L., 1995.)
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of the response is maximally �20–30 mV. It is nor-
mally attributed to the photoreceptors, although
experiments using a perfused preparation suggest
caution in interpretation, since with bright light,
slow components in particular may become domi-
nated by depolarization of the pigmented glia
(secondary pigment cells) by the build up of extra-
cellular Kþ (Minke, B., 1982; Minke, B. and Selinger,
Z., 1992). Nevertheless, it reflects indirectly at least
the photoreceptor response and has been widely used
as an easily recorded measure of photoreceptor out-
put. The ERG also has rapid on (positive) and off
(negative) transients, which reflect the activity of the
second-order interneurons (large monopolar cells or
LMCs) which have an amplified and transient
response of inverted polarity due to sign-inverting
synapses using the photoreceptor neurotransmitter,
histamine, which activates histamine-gated chloride
channels on the LMCs (Hardie, R. C., 1989).

s0050 6.63.4 Molecular Components of the
Phototransduction Cascade

s0055 6.63.4.1 Strategies for Gene Discovery

p0105 The discovery and characterization of the molecular
components of the transduction cascades in verte-
brates and invertebrates (Figures 6 and 7) exploited
two very different approaches. In vertebrates the
ability to isolate ROS en masse, particularly from
bovine retina, greatly facilitated the purification,
and subsequent molecular identification of the ele-
ments of the cascade (see Yau, K-W., this volume). In
invertebrates, discovery relied in the first instance on
classical forward genetic approaches in Drosophila to
identify and positionally clones genes involved in
phototransduction. The pioneers in this enterprise,
starting in the late 1960s were Seymour Benzer
(Hotta, Y. and Benzer, S., 1970) and Bill Pak (Pak,
W. L. et al., 1970). Benzer had a wider agenda, want-
ing to identify genes involved in vision generally, and
thus isolated behavioral mutants defective in photo-
taxis. Pak was more focussed on the early events in
vision and embarked upon a labor intensive, but
ultimately rewarding electrophysiological screen to
detect subtle defects using the readily recorded ERG.

p0110 At least 50 different complementation groups
representing distinct genes were isolated. Some 30
of these had defects in the ERG transients and repre-
sent genes involved in synaptic transmission or
responses of second-order neurons. Most of the
remainder has turned out to be photoreceptor

genes, many of which are directly involved in the
transduction cascade (Table 1, reviewed in: Pak, W.
L., 1995; Pak, W. L. and Leung, H. T., 2003). A
number of important genes were not discovered in
these early screens, but were identified by molecular
approaches, such as subtractive hybridization and/or
homology to vertebrate genes. Mutants of several
these, including arrestin (Dolph, P. J. et al., 1993), G
protein (Scott, K. et al., 1995), and the TRPL light-
sensitive channels (Niemeyer, B. A. et al., 1996), were
generated in a second wave of mutagenesis based on
antigenicity, i.e., using antibodies to screen for
mutants generated by random chemical mutagenesis
lacking the proteins in question (see also
Koundakjian, E. J. et al., 2004).

s00606.63.4.2 Rhodopsin

p0115The no inactivation no afterpotential E (ninaE)
mutant was isolated by Pak and coworkers using the
ERG screen (Figure 5). Even before it was cloned, it
was implicated as the gene encoding rhodopsin in
R1–6 (Rh1) since it affected the visual pigment con-
centration in a gene dosage-dependent manner
(Scavarda, N. J. et al., 1983). It was cloned and
sequenced a couple of years after vertebrate rhodop-
sin (O’Tousa, J. E. et al., 1985), itself the first member
of the G protein-coupled receptor (GPCR) family,
with the now classical seven transmembrane helix
structure (Figure 7). Rh1 (ninaE) shares �36% iden-
tity with bovine rhodopsin, including the lysine in
the seventh transmembrane helix, which forms the
covalent Schiff base linkage with the chromophore,
and potential phosphorylation sites near the C-term-
inal. Six further genes with a similar nina mutant
ERG phenotype are involved either in rhodopsin
trafficking (ninaA, calnexin (Baker, E. K. et al., 1994;
Rosenbaum, E. E. et al., 2006), or chromophore pro-
duction (ninaB, ninaD, ninaG, and pinta, see below).
An additional five Drosophila opsin genes, identified
by homology to Rh1, account for the visual pigments
of the ocelli (Rh2) and the various spectral classes of
R7 (Rh3 and Rh4), and R8 (Rh5 and Rh6) (Feiler, R.
et al., 1992; Salcedo, E. et al., 1999).

p0120More than 60 invertebrate opsin genes have been
cloned in the meantime (reviewed in Gärtner, W.,
2000), and although recognizable as such they form a
distinct subfamily from the majority of vertebrate
opsins. An intriguing exception is melanopsin
(Provencio, I. et al., 1998), which appears to belong
within the invertebrate opsin family, but is a verte-
brate opsin found in a recently discovered novel class
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of intrinsically photosensitive retinal ganglion cells

(ipRGCs). Melanopsin mediates a range of nonvisual

responses such as circadian entrainment and the

pupillary response (reviewed in Fu, Y. et al., 2005)

(see Yau, K-W., this volume). The ipRGCs also

respond to light by depolarization, and at least in

heterologous expression systems, melanopsin has

been found to activate a Gq/PLC/TRP cascade as

in invertebrates (Melyan, Z. et al., 2005; Panda, S.
et al., 2005; Qiu, X. et al., 2005).

s00656.63.4.2.1 Chromophore

p0125Unusually, the chromophore of Drosophila opsin, as in
most Diptera and a few other insect orders, is not
retinal but a hydroxylated derivative, 11-cis 3-
hydroxy retinal (Figure 8 (Vogt, K. and Kirschfeld,
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PLC PLC
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f0030 Figure 6 Overview of the phototransduction cascade in Drosophila. Lower half: (I) Photoisomerization of rhodopsin (R,

encoded by ninaE gene) to metarhodopsin (M) activates Gq via GTP–GDP exchange, releasing the Gq� subunit (G�q gene);

(II) Gq� activates phospholipase C (PLC, norpA gene), generating InsP3 and DAG from PIP2. DAG is also a potential precursor

for polyunsaturated fatty acids (PUFAs) via DAG lipase; although PUFAs can activate the channels, there is no direct evidence
for this enzyme in the cascade. (III) Two classes of light-sensitive channels (trp and trpl genes) are activated by an unknown

mechanism. TRP is primarily Ca2þ permeable; Ca2þ influx feeds back at multiple sites, including calmodulin (CaM), which

itself has multiple targets, and PKC (see Ca2þ-Dependent Feedback and Mechanisms of Adaptation, Table 3). Ca2þ is

extruded by the CalX Naþ/Ca2þ exchanger. All components drawn approximately to scale within a schematic microvillus.
Upper half: Several components of the cascade, including TRP, protein kinase C (PKC, inaC gene), and PLC are assembled

into a signaling complex by the scaffolding protein, INAD, which may be linked to the F-actin core via the NINAC class II

myosin. The INAD protein contains five PDZ domains (1–5) joined by short linker regions. Each PDZ domain associates
preferentially with different targets (Huber, A. et al., 1996a; Shieh, B. H. and Zhu, M. Y., 1996; Chevesich, J. et al., 1997;

Tsunoda, S. et al., 1997; Xu, X. Z. S. et al., 1998). The precise composition of the native complex is uncertain as some PDZ

domains are reported to bind at least two different targets, and there are several possibilities for multimerization: by

homophilic interactions between INAD (PDZ domains 3 and 4) (Xu, X. Z. S. et al., 1998); involvement of up to four TRP subunits
and linkage of two INAD molecules via PLC� which is reported to bind both PDZ1 and PDZ5 (van Huizen, R. et al., 1998).

Several of these scenarios are depicted in the figure. CaM binds to the linker region between PDZ1 and PDZ2 (Xu, X. Z. S.

et al., 1998) and also to NINAC, TRP, and TRPL.
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K., 1984)). Whilst this appears to function in an

essentially identical manner to the more conven-

tional 11-cis retinal, Diptera are remarkable in also

using a second chromophore, 3-hydroxy retinol, that

functions as a sensitizing or antenna pigment

(Kirschfeld, K. and Franceschini, N., 1977). The sen-

sitizing pigment has a characteristic three-fingered

absorption peak in the ultraviolet (peaks at �330,

350, and 370 nm). It transfers the energy of an

absorbed photon by fluorescence resonance energy

transfer (FRET) to the chromophore proper, which

then photoisomerizes exactly as if it had absorbed the

photon directly (Kirschfeld, K. et al., 1983). This rare

biological example of FRET enhances quantum

catch by extending the spectral sensitivity of the

photoreceptors into the ultraviolet (Figure 8).

(a) (b)

(c)

(d)

(e)

(f)

Drosophila rhodopsin
model

Drosophila model of arrestin 2

Drosophila Calmodulin
in free and bound conformation

Drosophila NINAC model

Drosophila INAD PDZ1 domain

Scallop Myosin

Drosophila Gqαβγ model

Gqα

Gqγ

Gqβ

Rattus Gqαβγ 

Bovine arrestin 1

Bovine rhodopsin

~5 nm

f0035 Figure 7 Molecular models of some key transduction proteins. Modeled protein structures of several proteins involved in fly
phototransduction based on solved crystal structures of homologous proteins. (a) The solved structure of bovine rhodopsin

(left structure, 1F88) was used to model Drosophila Rhodopsin (ninaE). (b) Vertebrate (Rattus, 1GP2) Gq was used to model

the structure of Drosophila Gq. (c) Bovine arrestin 1 (1G4R) was used to model the structure of Drosophila arrestin 2. (d)
Structure of free and �-helix-bound Drosophila CaM (4CLN, 2BBN). (e) Structure of the first PDZ domain (PDZ1, 1IHJ) of

Drosophila INAD, the other four PDZ domains have similar sizes (1IHJ) (f) Structure of single-headed scallop myosin (1B7T)

used to model Drosophila NINAC. The models were generated using Geno3D: http://geno3d-pbil.ibcp.fr/ (Geourjon, C. et al.,

2001; Combet, C. et al., 2002). References: 1F88 (Palczewski, K. et al., 2000); 1GP2 (Wall, M. A. et al., 1995); 1G4R (Han, M.
et al., 2001); 1B7T (Houdusse, A. et al., 1999); 4CLN (Taylor, D. A. et al., 1991); 2BBN (Ikura, M. et al., 1992); 1IHJ (Kimple, M.

E. et al., 2001).
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p0130 Recent biochemical and mutant analysis has iden-
tified several key genes required for chromophore
production, including a class B scavenger receptor
(ninaD), required for cellular uptake of dietary car-
otenoids (Kiefer, C. et al., 2002), and a dioxygenase
(ninaB), which cleaves the 40C carotenoids into the
20C chromophore precursor, vitamin A (all-trans

retinol) (von Lintig, J. and Vogt, K., 2000; von
Lintig, J. et al., 2001). Whilst these stages take place
outside the retina (Gu, G. et al., 2004), uptake of
vitamin A into the retina probably occurs first in
the pigment cells, with the essential involvement of
a recently identified retinal-binding protein, PINTA
(Wang, T. and Montell, C., 2005). Finally, oxidiza-
tion of the retinal ring to generate the hydroxylated
3-hydroxy retinal appears to take place in the

photoreceptors via an oxidoreductase encoded by
the recently discovered ninaG gene (Sarfare, S. et al.,
2005).

s00706.63.4.2.2 Invertebrate rhodopsins are

bistable

p0135Although de novo biosynthesis of chromophore from
carotenoids is relatively complex, chromophore
recycling following photoisomerization is much sim-
pler than in vertebrates. Most invertebrate
rhodopsins represent bistable, photointerconvertible
pigment systems, whereby all-trans retinal can be
directly reconverted to 11-cis by absorption of a
second photon whilst still attached to the opsin.
Drosophila Rh1, which has been extensively studied,
absorbs maximally in the blue–green (480 nm), and

t0005 Table 1 List of mutants of genes involved in Drosophila phototransduction, all of which have been cloned

and sequenced

Mutant Protein Function

Excitation

G�q Gq � subunit Heterotrimeric G protein
G�e Gq � subunit Heterotrimeric G protein

InaD PDZ domain scaffolding protein Signalplex scaffold

inaF Novel Required for TRP function
ninaE Rhodopsin (Rh1) Visual pigment

norpA Phospholipase C� Key effector enzyme

trp TRP channel Light-sensitive channel

trpl TRPL channel Light-sensitive channel

Deactivation and adaptation

arr1 39-kDa arrestin1 Rhodopsin endocytosis

arr2 49-kDa arrestin 2 Rhodopsin deactivation
Cam Calmodulin Ca2þ-dependent inactivation and Ca2þ buffer

inaC Protein kinase C Ca2þ-dependent inactivation

ninaC Class III myosin kinase CaM binding, response inactivation

rdgA DAG kinase Response termination, PIP2 recycling

Phosphoinositide turnover

cds CDP–DAG synthase PIP2 recycling
laza Lipid phosphate phosphohydrolase DAG production from PA

rdgB PITP PIP2 recycling

Calcium homeostasis
calnexin Calnexin Rh1 chaperone and Ca2þ buffer

calphotin Ca2þ-binding protein Ca2þ buffer

calx Naþ/Ca2þ exchanger Ca2þ extrusion

Rhodopsin and chromophore biogenesis and pigment cycle

ninaA Peptidyl-prolyl cis–trans isomerase (cyclophilin) Rh1 chaperone

ninaB Dioxygenase Chromophore synthesis
ninaD Class B scavenger receptor Chromophore synthesis (carotenoid uptake)

ninaG Oxidoreductase Chromophore synthesis

pintA Retinoid-binding protein Vitamin A uptake into pigment cells

rdgC Rhodopsin phosphatase Rhodopsin dephosphorylation
GPRK1 Rhodopsin kinase Rhodopsin phosphorylation

Mutant genes have been classified according to their major function – excitation, deactivation, PI turnover, Ca2þ

homeostasis, and visual pigment cycle and biogenesis (not mutually exclusive, though each gene listed only once).
References in text.
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on absorption of a photon, the 11-cis to all-trans

isomerization leads to generation of a metarhodopsin

(M) absorbing maximally at 570 nm (Figure 8).
Metarhodopsin is thermostable, but can be photoi-

somerized back to the rhodopsin state (R) by

absorption of further photon. Such a bistable pigment

system reaches a photoequilibrium determined by

the spectral content of the illuminating light and

the absorption spectra of the R and M states

(reviewed in Hillman, P. et al., 1983; Hardie, R. C.,

1985; Stavenga, D. G., 1996). It is no coincidence that

the screening pigments in the eye are transparent to

long-wavelength (red) light – hence the red eye color

of most flies – and the red light diffusing through the

eye reconverts M, ensuring that there is always a high
fraction of R (reviewed in Hardie, R. C., 1986).

Compared to the complex chromophore recycling

of the vertebrate retina, this would appear to repre-

sent a much more efficient, rapid, and economical

mechanism for pigment regeneration.
p0140 Under experimental conditions, however, particu-

larly with white-eyed mutants lacking the screening

pigments, or in biochemical preparations of purified

photoreceptor membranes, it is possible to generate

essentially any photoequilibrium simply by adjusting

the wavelength of illumination. With blue light,
which favors R!M conversion, up to �80% of the

pigment can be converted to the M form (it is not

possible to create more than this as both R and M
have second, overlapping photosensitivity peaks at
short wavelengths due to � absorption peaks and
sensitizing pigment). When flashes are delivered
that result in more than �20% of the pigment
being converted to M, the photoreceptors develop a
prolonged depolarizing afterpotential (PDA), that
can last for several hours (Figure 5). This is because
thermostable M remains active and capable of excit-
ing the phototransduction cascade until it is
inactivated by binding to arrestin (see Arrestins
Terminate Active Metarhodopsin below). The
photoreceptors contain only one arrestin molecule
for every five rhodopsins, and thus, once more than
20% of the pigment exists in the M state, all arrestin
is bound to M, and any further M molecules gener-
ated can no longer be inactivated. Although the PDA
may last for several hours in Drosophila, it can be
terminated at any time simply by delivering a bright
long-wavelength (e.g., orange/red) flash, which inac-
tivates M by reconverting it to R (Figures 5 and 9).

s00756.63.4.3 Visual Pigment Cycle

s00806.63.4.3.1 Arrestins terminate active

metarhodopsin

p0145Arrestins are small soluble cytosolic proteins impli-
cated in response termination and trafficking of most
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f0040 Figure 8 Chromophores and absorption spectra. Left: Idealized photosensitivity spectra of the Rh1 pigment system in

Drosophila R1–6 cells, normalized to the rhodopsin (R) peak. Responses in the UV (300–400 nm) are primarily mediated by

absorption of the sensitizing pigment (S: 3-hydroxy retinol), which transfers the energy of absorption to the chromophore

proper (11-cis 3-hydryoxy retinal), which absorbs maximally at 480 nm in Rh1. Photoisomerization to all-trans 3-hydroxy
retinal converts R to metarhodopsin (M), which absorbs maximally at 570 nm. The sensitizing pigment can also transfer

energy to M, which is thus also effectively photoisomerized by UV light (not shown). Spectra based on rhodopsin nomograms

(Govardovskii, V. I. et al., 2000), combined with estimates of the sensitizing pigment spectrum. Right: Chemical structures of

the chromophores of R and M (11-cis and all-trans 3-hydroxy retinal) and the sensitizing pigment (3-hydroxy retinol).
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G protein-coupled receptors. Drosophila photorecep-
tors express two arrestin isoforms: a 39 kDa protein
(Arr1, originally called phosrestin 2) and 49 kDa Arr2
(or phosrestin 1). Arr2 is approximately fivefold more
abundantly expressed than Arr1, and apart from Rh1
is the most abundant protein in the retina. As such, it
was the only element of the cascade to be sequenced
by protein purification and microsequencing
(Yamada, T. et al., 1990), whilst Arr1 was cloned by
a subtractive hybridization strategy (Hyde, D. R.
et al., 1990). Both share �40% identity with human
arrestin, showing closer similarity to �-arrestins than
the vertebrate visual arrestins (Figure 7). Mutants of
both arr1 and arr2 genes were isolated by screening
for loss of protein in Western blots (Dolph, P. J. et al.,
1993). As expected from its abundance, Arr2 is domi-
nant with respect to inactivation of M. Thus arr1

mutants have no overt physiological phenotype,
though they undergo light-independent degenera-
tion (Satoh, A. K. and Ready, D. F., 2005). By
contrast, arr2 mutants have a pronounced deactiva-
tion defect, with responses to brief flashes decaying
slowly over 1–2 s (Figure 10). arr2 mutants also enter
a PDA state with much lower levels of illumination

R

Arr

570 nm

480 nm

rdgC

Arrp

Rpp

Mpp–Arr

Mpp–Arrp

RK

CamK∏

ATP

ATP

PiPi
Rhodopsin
phosphatase

Clathrin-mediated

endocytosis

ADP

ADP

M∗

f0045 Figure 9 Visual pigment cycle in Drosophila.
Photoisomerization of rhodopsin (R) by blue light (480 nm)

generates active metarhodopsin (M�). M� is thermostable and

continues to activate Gq until it binds arrestin (Arr). Arr2 is the
dominant arrestin, but Arr1 can perform this function more

slowly in its absence. M is also multiplely phosphorylated by

rhodopsin kinase (RK), but this is not required for Arr2 binding

and may even occur after Arr2 binding (Plangger, A. et al.,
1994). The Mpp–Arr state is a target for clathrin-mediated

endocytosis, but this is inhibited by the CaMKII-dependent

phosphorylation of Arr2 (Alloway, P. G. et al., 2000; Kiselev,

A. et al., 2000b). Reconversion of Mpp to Rpp leads to the
release of Arrp. Finally, Rpp is dephosphorylated by the

CaCaM-dependent rhodopsin phosphatase (encoded by

rdgC) to recreate the ground state, R (Byk, T. et al., 1993;
Lee, S. J. and Montell, C., 2001).

200 pA

5 pA

Macroscopic responses Quantum bumps

WT WT

250 ms

5 pA
500 ms

1 s

25 pA
1 s

200 pA

arr  25 arr  25

inaC inaC

1 s

f0050 Figure 10 Responses in inactivation mutants. Left: Whole-cell voltage-clamped responses to brief (1 ms) flashes of light

in wild type (WT) and two mutants (inaC and arr25) with defects in inactivation. Right: quantum bumps elicited by single-
photon absorptions in the same mutants. Macroscopically, both inaC and arr2 mutants show a similar inactivation defect,

with responses decaying over a period of 1–2 s. In the PKC mutant inaC, this defect is recapitulated in the bump

waveform, and is due to a defect late in the transduction cascade (failure to inactivate PLC and the channels); however, in
the arrestin 2 mutant (arr25) the defect manifests itself as a train of multiple bumps in response to a single absorbed

photon, and represents a failure to terminate the activity of active metarhodopsin. (Hardie, R. C., unpublished data;

see also Hardie, R. C. et al., 1993; Scott, K. et al., 1997; Gu, Y. et al., 2005.)
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(Dolph, P. J. et al., 1993). Although these phenotypes
indicate that Arr2 binding to M is the dominant
mechanism of M inactivation, Arr1 is also capable
of binding to and inactivating M, since response
deactivation in arr1;arr2 double mutants lacking
both arrestin isoforms is at least 10� slower than in
arr2 alone (Dolph, P. J. et al., 1993). A recent study
indicates that Arr1 also has a dedicated role in light-
induced Rh1 endocytosis, a generic mechanism of
receptor turnover found in most G protein-coupled
signaling cascades required for receptor turnover and
cell maintenance (Satoh, A. K. and Ready, D. F.,
2005).

s0085 6.63.4.3.2 Arrestin translocation

p0150 Light-induced translocation of components of the
transduction cascade in both vertebrates and inverte-
brates has recently been appreciated as an important
and widespread phenomenon, likely to be involved in
long-term light and dark adaptation (reviewed in:
Arshavsky, V. Y., 2003; Frechter, S. and Minke, B.,
2006). In Drosophila, both arrestins, along with the G
protein and the TRPL channel, have been reported
to translocate in response to illumination. In DA cells
most Arr2 is distributed throughout the cytosol, with
only �30% immunolocalized in the rhabdomeres,
whilst Arr1 is only detectable in the cytosol; however,
within 5 min of illumination by white or blue light,
both Arr2 and Arr1 are predominantly localized in
the rhabdomere (Lee, S. J. et al., 2003; Satoh, A. K. and
Ready, D. F., 2005). Arr2 remains in the rhabdomere
during illumination, returning slowly (within 3 h) to

the cytosol in the dark (Figure 11). The translocation
of Arr2 into the rhabdomeres appears to have phy-
siological consequences, as the ERG response to
bright stimuli terminated more quickly in flies that
had been preexposed to light to stimulate transloca-
tion (Lee, S. J. et al., 2003). Arr1 translocation is more
dynamic and transient, and even in continuous illu-
mination Arr1 retreats from the rhabdomere within
30 min and is then found internalized in vesicles in
association with Rh1 (Figure 11), indicative of a role
in physiological Rh1 endocytosis (Satoh, A. K. and
Ready, D. F., 2005).

p0155Lee S. J. et al. (2003) found that Arr2 binds to PIP3

in vitro (and less avidly to PIP2), and that transloca-
tion was disrupted by neutralization of three basic
residues in Arr2 required for this interaction (lysines
228, 231, and 257), or by genetic manipulation of
PIP3 metabolism. Lee S. J. and Montell C. (2004)
also reported that translocation was disrupted in
ninaC mutants (see Myosin Kinase NINAC) and
proposed a model whereby Arr2 is transported by a
NINAC myosin motor in PIP3-enriched vesicles.
However, a more recent study found that transloca-
tion of both Arr1 and Arr2 was unaffected by the
ninaC mutation calling aspects of this model into
question (Satoh, A. K. and Ready, D. F., 2005).

s00906.63.4.3.3 Rhodopsin kinase and

phosphatase

p0160In vertebrate rods, metarhodopsin inactivation is a
two-stage process, whereby M must first be phos-
phorylated by a rhodopsin kinase (RK) before

(a)

(b)

D D

D

B B

B

B- >D1hr

B- >D1hr

B- >D1hr

Arr1 F-actin Rh1

Arr2 F-actin Rh1

f0055 Figure 11 Translocation of arrestin. Immunostaining of Arr1 and Arr2 (green) in dark-adapted (D) retina, 5 min after
illumination for 2 min by bright blue light (B), and 1 h after the same blue illumination (B > D 1 h). Sections are also stained for

Rh1 (blue) and actin (red). The black and white image shows just the arrestin antibody staining. In the dark, all Arr1 is localized

in the cytosol, whilst Arr2 is found in both cytosol and rhabdomere. Five minutes after illumination, both arrestins are found

almost exclusively in the rhabdomeres. One hour later in the dark, Arr2 remains bound in the rhabdomeres, but Arr1 is now
found predominantly in vesicles in the cell body, which also stain positive for Rh1. (Images courtesy of Akiko Satoh and Don

Ready, unpublished; see also Satoh, A. K. and Ready, D. F., 2005 for further details.)

SNSE 00402

18 Phototransduction in Microvillar Photoreceptors of Drosophila and Other Invertebrates



E
LS

E
V
IE

R
FI

R
S
T

P
R

O
O

F

arrestin can bind and complete the inactivation (see
Yau, K-W., this volume). Unexpectedly, although fly
rhodopsin is also multiplely phosphorylated at sev-
eral serine residues in the C-terminal (Bentrop, J. and
Paulsen, R., 1986; Byk, T. et al., 1993), this appears not
to be required for arrestin binding (Figure 9). Thus,
transgenic flies in which the rhodopsin is replaced by
a truncated version lacking the serine residues
(ninaE�356), or by a construct in which the serines
have been individually mutated to alanine, show
responses apparently normal in every respect includ-
ing bump amplitude and waveform (Hardie, R. C.,
unpublished) and response inactivation (Vinos, J.
et al., 1997). The mutant Rh1 constructs also still
bind Arr2 in biochemical assays (Kiselev, A. et al.,
2000a). Recently, Satoh A. K. and Ready. D. F.
(2005) reported that translocation of Arr1 and subse-
quent endocytosis of Arr1–Rh1 complexes was
suppressed in these Rh1 phosphorylation mutants,
suggesting that Rh1 phosphorylation may be specifi-
cally important for Rh1 binding to Arr1 (and/or its
subsequent endocytosis) rather than Arr2.

p0165 A Drosophila G protein-coupled receptor kinase
(GPRK1) with homology to �-adrenergic receptor
kinases has recently emerged as a strong candidate
for RK. It is highly expressed in the photoreceptors
where it associates with and phosphorylates rhodop-
sin (Lee, S. J. et al., 2004). Interestingly, mutant flies
expressing lower levels of GPRK1 had a significantly
larger ERG responses, but without obvious response
termination defects. Although responses were not
measured at the single-cell level, at first sight this
seems inconsistent with the lack of effect of the Rh1
phosphorylation site mutants on the response, which
indicates that GPRK1 may also have a protein
kinase-independent function.

p0170 After photoreisomerization from M to R, Arr2 is
released from R, which must then be dephosphory-
lated before it can be used again (Figure 9).
Dephosphorylation, which only takes place after
Arr2 has been released, is mediated by a Ca2þ

calmodulin (CaCaM)-dependent rhodopsin phos-
phatase encoded by the retinal degeneration C
(rdgC) gene (Steele, F. R. et al., 1992; Byk, T. et al.,
1993; Vinos, J. et al., 1997; Lee, S. J. and Montell, C.,
2001). rdgC mutants have a slow deactivation pheno-
type, but this may reflect a secondary defect, e.g., in
Arr2 function, and is unlikely to be an immediate and
direct consequence of the failure to dephosphorylate
R, since by this stage in the rhodopsin cycle, the
active M form should already have been inactivated
by arrestin binding (Vinos, J. et al., 1997). The original

and most obvious phenotype of rdgC mutants, namely
the severe light-dependent retinal degeneration, is
suppressed by the truncated Rh1 phosphorylation
site mutant ninaE�356, and also by arr2 mutations,
suggesting that the accumulation of hyperpho-
sphorylated M–Arr2 complexes may act as a trigger
for apoptosis (Vinos, J. et al., 1997; Kiselev, A. et al.,
2000a).

s00956.63.4.3.4 Arrestin phosphorylation

p0175Both arrestin isoforms are themselves also phos-
phorylated in a light-dependent manner, and in fact
Arr2 is the major phosphoprotein revealed in proteo-
mic analysis (Matsumoto, H. and Pak, W. L., 1984). It
is also the most rapidly detectable phosphorylated
protein in the eye, being phosphorylated by calmo-
dulin-dependent kinase II (CaMKII) at a single
serine residue (Ser366) on a subsecond timescale fol-
lowing illumination (Matsumoto, H. and Pak, W. L.,
1984; Matsumoto, H. et al., 1994). Although it was
originally speculated that CaMKII-dependent phos-
phorylation of Arr2 may be a necessary first step in
the binding of arrestin to M, this seems not to be the
case. Arr2 phosphorylation is prevented by mutating
Ser366 to alanine (Arr2S366A ) or in the arr21 allele, in
which the protein is truncated prior to this site
(Alloway, P. G. and Dolph, P. J., 1999). However,
Arr2 still binds normally to M in either of these
mutants. The defect appears rather to be in the sub-
sequent dissociation of Arr2 from rhodopsin after
reconversion to R (Figure 9). Thus normally, Arr2
dissociates rapidly from M after it has been recon-
verted to R by long-wavelength light, but remains
bound in Arr2S366A or arr21 (Alloway, P. G. and
Dolph, P. J., 1999). Related to this, the phosphoryla-
tion also controls the subsequent trafficking of
M–Arr2 complex, which become internalized by
clathrin-mediated endocytosis if Arr2 fails to be
phosphorylated (Kiselev, A. et al., 2000a). This has
the consequence that following light exposure, the
nonphosphorylated mutant Arr2 becomes seques-
tered in stable complexes with phosphorylated
rhodopsin, again triggering apoptosis and retinal
degeneration. Before the onset of degeneration, it
also results in a deactivation phenotype similar to
an arr2 hypomorph, presumably because there is no
longer sufficient free Arr2 to inactivate M (Alloway,
P. G. and Dolph, P. J., 1999; Alloway, P. G. et al., 2000;
Kiselev, A. et al., 2000a).

p0180In summary, it appears that, whilst having no
direct role in the electrophysiological response, the
rhodopsin and arrestin phosphorylation and
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dephosphorylation cycles (Figure 9) play vital,
though still incompletely understood roles in rho-
dopsin turnover and photoreceptor maintenance
and survival. Thus, as described above, rdgC mutants
undergo light-dependent degeneration because of
the accumulation of hyperphosphorylated metarho-
dopsin bound to arrestin. Since the rdgC rhodopsin
phosphatase is dependent on the Ca2þ influx asso-
ciated with the light response, hyperphosphorylated
rhodopsin also accumulates in any mutants of the
transduction cascade that block transduction, such
as norpA (see below), and these mutants probably
degenerate by a similar mechanism (Byk, T. et al.,
1993; Alloway, P. G. et al., 2000; Kiselev, A. et al.,
2000a). Alloway P. G. et al. (2000) speculate that the
clathrin-mediated endocytosis of M–Arr2 complexes
may be a mechanism for removal of defective rho-
dopsin molecules, whilst Satoh A. K. and Ready D. F.
(2005) suggest that Arr1 may play a scavenging role,
binding phosphorylated M before it can accumulate
in the lethal Arr2–M-p complexes. In support of this,
they found that the light-independent degeneration
in arr1 mutants is actually rescued in the arr1;arr2

double mutant.

s0100 6.63.4.4 Heterotrimeric G Protein

p0185 Heterotrimeric G proteins are holoenzymes com-
posed of �, �, and � subunits, with the � subunit
bound to GDP in the (heterotrimeric) resting state
(Figure 7). In common with all such G proteins, the
G protein in the Drosophila photransduction cascade
is activated by interaction with the active receptor
(M), which catalyzes the exchange of GDP for GTP
on the � subunit, resulting in release of the active
GTP-bound � subunit (Figure 6). The � subunit
binds and activates its effector enzyme (in this case
PLC), which then remains active until the GTP is
hydrolyzed to GDP promoting dissociation of Gq�
from PLC and its reassociation with G��.

p0190 Curiously, no mutants of any of the three G pro-
tein subunits were isolated in the early mutagenesis
screens, but a strong candidate gene for the � subunit
was identified amongst a collection of retinal genes
identified by subtractive hybridization (Lee, Y. J.
et al., 1990). This G protein showed �75% identity
to mouse Gq�, the isoform known to specifically
couple to PLC. A role in transduction was indicated
by showing it was localized in the rhabdomeres and
by overexpressing a constitutively active form in the
retina, which resulted in constitutive GTPase activ-
ity in the eye and suppression of the light response

(Lee, Y. J. et al., 1994). Definitive confirmation came
with the characterization of a severe hypomorphic
mutant G�q, again isolated by screening for antige-
nicity, in which protein levels were reduced to <1%.
Sensitivity to light in these mutants was reduced
�1000-fold (Figure 12), but this could be rescued in
a dose-dependent manner by Gq� cDNA expressed
under control of a heat-shock promoter (Scott, K.
et al., 1995).

p0195The responses of G�q mutants also appear to have
a slow response deactivation (Figure 12); however,
analysis of the underlying quantum bumps indicated,
that this actually represents generation of bumps with
delayed latencies, thereby substantially broadening
the latency distribution. This can be readily under-
stood by considering that one of the determinants of
latency is the time taken for G protein to encounter
the active M by diffusion in the microvillar mem-
brane (see Fast Nonlinear Response Kinetics).
Clearly, if the number of G proteins per microvillus
is greatly reduced, then it will take longer on average
for a G protein to encounter the single activated M in
the microvillus (Scott, K. et al., 1995).

p0200Quantum bump amplitudes in G�q (Scott, K. et al.,
1995), and also in hypomorphic PLC (norpA) mutants
(Deland, M. C. and Pak, W. L., 1973; Cook, B. et al.,
2000), were originally reported to be the same as in
WT, leading to the concept that amplification of the
quantum bump was determined entirely downstream
of PLC – i.e., PLC activation serves only as a trigger
for the quantum bump. However, it was subsequently
found that quantum bumps were reduced by approxi-
mately fivefold in both these mutant backgrounds,
indicating that Gq and PLC also contribute to the
amplification process, and that normally activation of
several G protein and PLC molecules is required to
generate a full size quantum bump (Figures 12 and
13, Hardie, R. C. et al., 2002). The discrepancy was
attributed to the omission of ATP from the patch
electrodes solution in earlier studies, resulting in
artefactual amplification of the small bumps, prob-
ably as a consequence of reduced DAG kinase
activity (Hardie, R. C. et al., 2002) (see also
Figure 16 and Evidence for Activation by Lipid
Messengers).

s01056.63.4.4.1 G protein � and � subunits

p0205A G protein � subunit that is expressed predomi-
nantly in the rhabdomeres has also been identified
(Yarfitz, S. et al., 1991; Yarfitz, S. L. et al., 1994).
Mutants (G�e), subsequently isolated by screening
for antigenicity, also show a greatly (�100-fold)
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decreased sensitivity to light (Dolph, P. J. et al., 1994)

as well as reduced light-induced GTP�S binding to

retinae of cryosectioned heads (Yarfitz, S. L. et al.,

1994). Although this may indicate that G� is essential

for effective coupling of Gq� with M, a recent study

found that the majority of Gq� was mislocalized to

the cytosol in G�e mutants, i.e., the reduced sensitiv-

ity could in principle also be explained as

WT

(b)(a)

norpAP24

norpAP16

norpAP16 1 s

5 pA

10 pA

20 s

5 pA
1 s

f0065 Figure 13 norpA mutant responses. (a) Whole-cell voltage-clamped responses to brief flashes of light (containing �105

effectively absorbed photons) in the null PLC mutant norpAP24 and the severe hypomorph norpAP16. Even in the supposedly

null norpAP24, a few �1-pA bumps are elicited in response to bright illumination, whilst the same intensity elicits a small
response in norpAP16 (these intensities would generate saturating responses in wild-type (WT) flies). Inset, on a slower

timescale shows that the response in norpAP16 lasts for several minutes. (b) Quantum bumps in norpAP16 (recorded in the tail

of a response to a weaker flash), are greatly reduced compared to WT (above). (Adapted with permission from (Hardie, R. C.

et al., 2002.)
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f0060 Figure 12 Responses in mutants of Gq. (a) Whole-cell voltage-clamped responses to brief (1 ms) flashes of light in wild type

(WT), and in G�q and G�e mutants: (intensity for G�q �1000 times, and for G�e �100 times greater than for WT). Apart from
the greatly reduced sensitivity, responses in both G�q and G�e show slow kinetics. For G�q this is explained by delayed

activation leading to longer bump latency (Scott, K. et al., 1995), but in G�e an additional defect in deactivation has been

proposed (Dolph, P. J. et al., 1994). (b) Individual quantum bumps elicited by dim flashes in G�q are �5� smaller than in WT.

(c) Response intensity functions for WT and G�q mutants: intensity expressed in effectively absorbed photons in WT
photoreceptors. (Adapted with permission from Hardie, R. C. et al., 2002; see also Dolph, P. J. et al., 1994; Scott, K. et al.,

1995; Hardie, R. C. et al., 2002.)
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consequence of G protein and rhodopsin being in
separate cellular compartments (Elia, N. et al., 2005).
Interestingly, G�e mutants also show a distinct deac-
tivation defect, which is more severe than in G�q

mutants (Figure 12), suggesting a distinct role for
G� in response termination (Dolph, P. J. et al.,
1994). There are no null or hypomorphic mutants
of the G protein � subunit; however, a dominant
negative construct lacking the farnesylation site
require for membrane anchoring also reduces light
sensitivity as measured by ERG, presumably by
sequestering G� subunits away from the membrane
(Schillo, S. et al., 2004).

s0110 6.63.4.4.2 Gq translocation

p0210 Along with the arrestins (Arrestin Translocation) and
the TRPL channels (Transient Receptor Potential-
Like Translocation), Gq is one of three components
of the Drosophila cascade that has been shown to
translocate in response to illumination. In the dark,
the majority of the G protein is found concentrated in
the microvilli. However, following saturating illumi-
nation with blue light, �50% of the Gq� is released
from the membrane and moves out into the cell body
over a time course of 50 min, returning to the rhab-
domere slightly more slowly in the dark (Kosloff, M.
et al., 2003). Translocation was little affected by
mutations in PLC, though curiously was largely
blocked in mutants of the TRP channel. Like other
G proteins, Gq is not a transmembrane protein, but
can be anchored to the membrane by reversible pal-
mitoylation of the � subunit, suggesting that
depalmitoylation may be required to initiate the
translocation (Kosloff, M. et al., 2003). The return of
Gq� in the dark was blocked in G�e mutants, indicat-
ing that targeting to the microvillar membrane also
requires G� or, more likely, G�� with involvement
of the farnesylation of the � subunit in membrane
anchoring.

s0115 6.63.4.5 Phospholipase C (NORPA)

p0215 Severe mutants of the no receptor potential A (norpA)
gene have effectively no response to light, and were
isolated independently by both the Pak and the
Benzer groups (Hotta, Y. and Benzer, S., 1970; Pak,
W. L. et al., 1970). Although evidence had already
implicated the PI cascade in invertebrate phototrans-
duction (Brown, J. et al., 1984; Fein, A. et al., 1984;
Inoue, H. et al., 1985; Devary, O. et al., 1987), the
finding that norpA encoded a PI-specific PLC
(Bloomquist, B. T. et al., 1988) provided clear genetic

evidence that PLC was the effector enzyme of the
phototransduction cascade in Drosophila and repre-
sented a key milestone in the analysis of invertebrate
phototransduction. Appropriate for its role, the
NORPA protein was found to be highly enriched in
the eyes and immunogold labeling showed it to be
specifically localized to the rhabdomeres
(Schneuwly, S. et al., 1991). Although the obligatory
control demonstrating that norpA cDNA could
genetically rescue the mutant phenotype was not
performed until much later (McKay, R. R. et al.,
1995); importantly, possible pleiotropic developmen-
tal effects of this mutation had already been
effectively excluded by the availability of tempera-
ture-sensitive alleles of norpA in which the light
response was rapidly and reversibly abolished by
warming to 35 �C (Deland, M. C. and Pak, W. L.,
1973).

p0220NORPA, one of the first PI-specific PLCs to be
cloned, is clearly recognizable as a PLC� isoform,
which unlike PLC� and PLC�, are activated by
interaction with heterotrimeric G proteins. Thus,
NORPA has up to 60% identity with mammalian
PLC�s in the conserved X and Y domains, which
form the catalytic core of the enzyme and contains a
C2 domain that may be involved in Ca2þ-dependent
targeting to the membrane (reviewed in Pak, W. L.,
1995). Interestingly, one of the vertebrate PLC� iso-
forms (PLC�4) is more closely related to NORPA
than any other vertebrate PLC isoform and is pre-
dominantly expressed in the vertebrate cones
(Ferreira, P. A. and Pak, W. L., 1994). Its role in
vertebrate photoreceptors is not known, but may
hint at some distant evolutionary common ancestral
photoreceptor.

s01206.63.4.5.1 Phospholipase C is also a GAP

p0225Numerous mutant alleles of the norpA gene have been
isolated, which vary widely in their severity (Pearn,
M. T. et al., 1996). The most severe, such as norpAP24,
which has a 28-bp deletion resulting in a frameshift
and a premature stop codon, have essentially no
response to even saturating flashes (but see
Figure 13 and Hardie, R. C. et al., 2003) and no
detectable protein. However, others such as norpAP57

and norpAP16 have residual protein and substantial
responses to bright illumination. As well as a marked
reduction in sensitivity, such hypomorphic alleles
also have dramatically prolonged responses to light
that can persist for many minutes, the time course
increasing with the severity of the mutation
(Figure 13, Scott, K. and Zuker, C. S., 1998; Cook,
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B. et al., 2000). A combined electrophysiological and
biochemical study indicated that this reflects the
requirement for PLC to act as a GTPase-activating
protein (GAP), essential to terminate the activity of
Gq� subunit (Cook, B. et al., 2000). With severely
reduced PLC levels, it appears that Gq� subunits
remain active indefinitely (for many minutes), before
finally encountering and binding to a PLC molecule,
only then initiating a cycle of bump generation, PLC
inactivation, and response termination. GAP activity
of the effector enzyme is a common feature in G
protein signaling and as in vertebrate rods, such a
mechanism is important in ensuring the fidelity of
the response to light. Thus, firstly the G protein stays
active until it has had the chance to activate its target
(PLC), but then it is rapidly inactivated ensuring that
only one bump is generated. Whether or not RGS
proteins are also involved as GAP proteins, as in
vertebrate photoreceptors, is not known.

s0125 6.63.4.5.2 Measuring Phospholipase C

activity

p0230 Light- and norpA-dependent PLC activity, generat-
ing DAG and InsP3 from PIP2 has directly been
demonstrated in biochemical assays, using radiola-
beled inositol or PIP2 (Inoue, H. et al., 1985; Devary,
O. et al., 1987; Toyoshima, S. et al., 1990; Running
Deer, J. L. et al., 1995). Like other PLCs, Drosophila

NORPA shows in vitro dependence on Ca2þ, both
basal and light-activated PLC activity being
increased in the range from 10 nm to 1 mM, and
inhibited in the high micromolar range (Toyoshima,
S. et al., 1990; Running Deer, J. L. et al., 1995).

p0235 The only available quantitative biochemical mea-
surements come from squid, indicating that �500
PIP2 molecules can be hydrolyzed per absorbed
photon (Szuts, E. Z., 1993). However, semiquantita-
tive in vivo estimates of PIP2 hydrolysis rates in
Drosophila have recently been made using biosensors
in the guise of PIP2-sensitive inward rectifier ion
channels (Kir2.1), genetically targeted to the rhabdo-
meres (Hardie, R. C. et al., 2001; 2004). These
channels are activated by PIP2, and their open prob-
ability is simply related to PIP2 concentration. When
they replace the light-sensitive channels, they gen-
erate a constitutively active inward current
maintained by the endogenous resting PIP2 levels.
This current is suppressed in an intensity-dependent
manner by illumination, providing a rather direct in

vivo measure of PIP2 hydrolysis. The suppression of
the Kir2.1 current by light indicated that PLC activ-
ity corresponded to rates of�150% of the PIP2 in the

microvillus per second per effectively absorbed
photon (Figure 14, Hardie, R. C. et al., 2004).
Interestingly, in complete darkness, a remarkably
high basal PLC activity could also be readily
resolved after blocking PIP2 synthesis by ATP depri-
vation. Although �1000� less than maximum light-
induced rates, this was still sufficient to effectively
deplete the rhabdomere of PIP2 within 5–10 min
(Figure 14).

p0240Kir2.1 biosensors, in combination with manipula-
tion of cytosolic Ca2þ, also allowed in vivo

measurements of the Ca2þ dependence of basal and
light-induced PLC activity. Broadly, these confirmed
in vitro measurements; however, facilitation by Ca2þ

was only noted in the range �10–100 nM, and max-
imal activity appeared already to be reached at
physiological resting levels of Ca2þ (Hardie, R. C.,
2005). As discussed later (Ca2þ Signals Are
Dominated by Ca2þ Influx), much higher concentra-
tions (>50mM) strongly inhibited PLC activity in vivo.

s01306.63.4.6 Light-Sensitive Channels TRP
and TRPL

p0245The Drosophila transient receptor potential mutant,
trp, was first isolated as a spontaneously occurring
mutation, in which the photoreceptor’s response to
light decayed to baseline during prolonged illumina-
tion (Cosens, D. J. and Manning, A., 1969; Minke, B.
et al., 1975). After the gene was positionally cloned
(Montell, C. and Rubin, G. M., 1989), it was found to
encode a novel transmembrane protein. Since
mutants still had a light response, it was originally
considered unlikely that TRP represented the light-
sensitive channel. However, Hardie R. C. and Minke
B. (1992) demonstrated that the Ca2þ selectivity of
the light-sensitive current was reduced 10-fold in trp

mutants, leading to the proposal that it represented
the major, Ca2þ selective component of the light-
sensitive current, and that a second, less Ca2þ perme-
able channel was responsible for the residual
response in the trp mutant. At the same time,
Phillips A. M. et al. (1992) reported the sequence of
a second channel-like gene (TRP-like, or TRPL),
now known to be responsible for this residual
response (Niemeyer, B. A. et al., 1996; Reuss, H.
et al., 1997). Both TRP and TRPL have been shown
to be predominantly localized in the microvilli by
immunogold labeling (Niemeyer, B. A. et al., 1996),
although as detailed below (TRPL Translocation),
TRPL may also be found in the cell body following
translocation.
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s0135 6.63.4.6.1 Structure of TRP and TRPL

p0250 The TRPL protein shares 40% identity to TRP and
both sequences show structural similarity with the
voltage-gated Ca2þ channel family with six trans-
membrane (TM) helices and a pore loop (Phillips,
A. M. et al., 1992). Unlike Ca2þ channel genes, which
encode four such 6TM domains in a single peptide,
the trp and trpl genes encode only one such domain,
and consequently, like voltage-gated K channels or
CNG channels, TRP channels are believed to be
composed of homo- or heterotetramers. The identi-
fication of TRP as a PLC-regulated cation channel
heralded the discovery of some 30 vertebrate iso-
forms, divided into seven subfamilies (TRPC,

TRPV, TRPM, TRPML, TRPP, TRPA, and
TRPN). They have remarkably diverse functions
throughout the body, most notably, but by no
means exclusively, in sensory transduction (reviewed
in: Clapham, D. E., 2003; Montell, C., 2005; Ramsey,
I. S. et al., 2006).

p0255Drosophila TRP and TRPL share closest homology
with the vertebrate TRPC (canonical TRP) subfam-
ily, with similar overall topology, including four N-
terminal ankyrin repeats (protein binding motifs) and
a coiled-coil (CC) region in the N-terminal, and six
transmembrane segments with a pore loop between
S5 and S6 (Figure 15). The most highly conserved
region is the so-called TRP domain, which is
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f0070 Figure 14 PIP2 hydrolysis monitored with PIP2 biosensor channels Kir2.1. Whole-cell recordings of inward Kþ currents in

photoreceptors expressing the PIP2-sensitive inwardly rectifying Kir2.1 channel. (a) Voltage steps (from �100 to �20 mV in

10 mV steps). In control cells, only outward K currents (mainly Shaker and Shab) are activated, but in cells expressing Kir2.1
large inwardly rectifying currents are seen at negative potentials. (b) When expressed in photoreceptors of trpl;trp double

mutants, Kir2.1 is the only light-sensitive conductance in the cell. In the dark a large,�1-nA constitutive current is activated by

the prevailing PIP2 levels (extent indicated by double arrow). Calibrated stimuli (0.03 etc., expressed in effectively absorbed

photons per microvillus) suppress the current due to hydrolysis of PIP2 by PLC: flashes containing one photon per microvillus
deplete the entire rhabdomere of the majority of detectable PIP2 within �1 s (inset shows a response on a faster timescale).

The Kir2.1 current is reactivated with a half time of �60 s in the dark, representing the resynthesis of PIP2. (c) Intensity

response function of PLC activity – measured from the maximum slope of individual flash responses as in (b). Note that there

is no Ca2þ influx associated with the light response in these experiments: under normal conditions, Ca2þ influx via TRP
channels rapidly inhibits PLC activity, so that these rates of PLC activity will only be reached and briefly sustained during the

latent period of the quantum bump (see Ca2þ-Dependent Negative Feedback). (d) Basal PLC activity monitored in vivo as a

function of time after establishing the whole-cell configuration: a control (wild type (WT)) cell held in the dark with ATP in the
patch pipette shows only very gradual rundown of the Kir2.1 current over 10 min. Without ATP however, the current decays to

near zero within�6 min. A similar behavior is seen in the rdgA mutant demonstrating ongoing basal PLC activity in this mutant

as well. (Adapted from Hardie, R. C. et al., 2004.)
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immediately adjacent to S6. In vertebrate TRPC1,
part of this domain can serve as a binding site for a
scaffolding protein, Homer, which is proposed to
mediate interaction with InsP3 receptor (InsP3R)
(Yuan, J. P. et al., 2003). However, given that TRP
channels are activated normally in the InsP3R null
mutants in the photoreceptors (Evidence for
Activation by Lipid Messengers), the significance of
this region in the Drosophila TRPs is not known. The
rest of the C-terminal is rather divergent – both
between TRP and TRPL and the vertebrate
TRPCs – though all include one or more consensus
CaM-binding domains (see Calmodulin). TRP has a
conspicuously long C-terminal domain containing a
proline-rich region, eight to nine peptide repeats of
unknown function and a consensus PDZ-binding
motif that binds to the scaffolding protein INAD
(Scaffolding Protein INAD).

s0140 6.63.4.6.2 Channel properties

p0260 The properties of the native TRP- and TRPL-
dependent currents in vivo have been characterized

by exploiting null mutants of both genes to isolate the
respective currents, providing characteristic biophy-
sical fingerprints (Table 2, Reuss, H. et al., 1997).
TRP channels (isolated in trpl mutants) are highly
selective for Ca2þ (PCa:PNa�100:1) and have a rather
small single-channel conductance (�8 pS) with rapid
kinetics (mean open time �0.5 ms). TRP (but not
TRPL) channels are completely blocked by micro-
molar levels of La3þ. TRPL channels, isolated in trp

mutants are relatively nonselective (PCa:PNa�4:1)
with a conductance of 35 pS and slightly slower
channel open times (1–2 ms). The only reported spe-
cific blocker is cinnamyl-dihidroxy-cyanocinnamate,
with an IC50 of 1 mM (Chyb, S. et al., 1999b). An
interesting feature of the TRP channel is a pro-
nounced voltage-dependent open channel block by
physiological concentrations of Mg2þ (IC50 �1 mM).
The block is relatively weak around resting potential
(�70 mV), but intensifies as the cell depolarizes. This
means that the effective single-channel conductance
should decrease as the cell depolarizes in response to
light, and potentially would seem to be an elegant
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f0075 Figure 15 Structural features of the TRP and TRPL channel subunits. TRP and TRPL both belong to the overall

superfamily of voltage-gated Ca2þ/Naþ and Kþ channels and CNG channels; and represent subunits of tetrameric

channels. Each subunit has six transmembrane helices (S1–S6), with a pore helix and pore loop between S5 and S6. The
S4 helix lacks the positively charged residues characteristic of the voltage-gated members of the family. Their N-termini

contain a coiled-coil region (CC) and four ankyrin repeats, which are potential protein–protein interaction domains. The

most highly conserved region is the TRP domain adjacent to S6, with the motif EWKFAR found in all TRPC channels, and
which is still recognizable in other TRP subfamilies. TRP has one, and TRPL, two CaM-binding sites (CBS) in the C-termini.

TRP has an extended C-terminus with a PEST sequence, a proline-rich region with 29 KP repeats, multiple repeats of a

hydrophilic eight to nine peptide sequence DKDKKP(A/G)D, and a PDZ domain binding motif in the last three amino acids

required for binding to the INAD protein. Ser982 has been implicated as an in vivo PKC phosphorylation site (P) required for
effective response termination (Popescu, D. C. et al., 2006).
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and economical mechanism for light adaptation

(Hardie, R. C. and Mojet, M. H., 1995).
p0265 Both TRP and TRPL have also been expressed in

heterologous expression systems, indicating that they

encode bona fide channels (Vaca, L. et al., 1994; Gillo,

B. et al., 1996; Hardie, R. C. et al., 1997; Xu, X. Z. S.

et al., 1997). TRPL has been successfully expressed by

many groups (Hu, Y. et al., 1994; Harteneck, C. et al.,

1995; Gillo, B. et al., 1996; Lan, L. et al., 1996; Hardie,

R. C. et al., 1997), and its biophysical properties found

to be indistinguishable from those of the native

TRPL-dependent current isolated in trp mutants

(Hardie, R. C. et al., 1997; Chyb, S. et al., 1999b).

Together with the complete elimination of the native

current by the trpl mutation (Niemeyer, B. A. et al.,

1996; Reuss, H. et al., 1997) , the close functional

equivalence of native and heterologously expressed

TRPL channels leaves little doubt as to their identi-

fication (Hardie, R. C. et al., 1997). Although there is

good evidence that TRPL can associate as a hetero-

multimer with TRP (Xu, X. Z. S. et al., 1997), it seems

questionable whether the in vivo light-sensitive

TRPL-dependent conductance includes TRP subu-

nits as well. Thus the WT light-sensitive

conductance can readily be accounted for by the

independent sum of TRP and TRPL, whilst blocking

TRP channels with La3þ quantitatively mimics the

effect of the trp mutation leaving TRPL channels

indistinguishable from those found in trp mutants

(Reuss, H. et al., 1997). A third TRP homologue,

TRP�, has also been identified and found to be

expressed in the photoreceptors (Xu, X. Z. S. et al.,

2000). TRP� was also reported to form heteromulti-

mers with TRPL (but not TRP) in expression

systems and a dominant negative construct sup-

pressed the TRPL-dependent light response in vivo

suggesting that the native channels might also repre-

sent TRPL–TRP� heteromultimers. However,

unlike TRP and TRPL, recent evidence suggests

that TRP� is not particularly eye-enriched (Jors, S.

et al., 2006) and until a mutant is generated, its role

remains uncertain.
p0270By contrast, it has generally proved very difficult

to express TRP, and the few published reports of its

biophysical properties in expression studies (Vaca, L.

et al., 1994; Gillo, B. et al., 1996; Xu, X. Z. S. et al., 1997)

do not closely match the properties of the in vivo

TRP-dependent current (isolated in trpl mutants).

This therefore raises the question of whether TRP

actually represents a pore-forming channel subunit in

vivo. This concern has recently been addressed by the

identification of a unique aspartate residue (Asp621)

within the TRP pore region as the major determinant

of Ca2þ permeation, most likely forming a ring of

four such acidic residues in a tetramer, as in other

Ca2þ-selective channels. Neutralizing Asp621 (to gly-

cine) almost completely eliminated Ca2þ permeation

in vivo, whilst more conservative substitutions

resulted in intermediate ionic selectivities (Hardie,

R. C. et al., in preparation-b). Systematic alteration of

t0010 Table 2 Biophysical properties of TRP and TRPL channels

Permeability
ratios

TRP
(in trpl)

TRPL
(in trp) WT

A

PCa:PCs 110 4.3 45.1
PMg:PCs 13.0 1.4 5.7

PNa:PCs 1.27 0.84 1.16

PLi:PCs 0.89 0.80 0.89

� (pS) (divalent
free) � (pS) � (ms)

IC50 Mg2þ (mM),
0 Ca2þ

IC50 Mg2þ (mM),
1.5 Ca2þ

La3þ block
(10mM)

B
TRP (in trpl) 35 8 2, 0.2 0.28 1.3 Total

TRPL (in trp) 70 35 0.4 4 4 None

A: Permeability ratios (Px:PCs) derived from bi-ionic reversal potential data. Values expressed with respect to internal Csþ (130 mM) and
determined in respective mutants, i.e., TRPL channels measured in the trp mutant, TRP-dependent channels in trpl. (Data from Reuss, H.
et al., 1997.)
B: Estimates of single-channel characteristics and ion block. Single-channel conductances (�, pS) derived from noise analysis in both
divalent free and physiological Ringer’s. Time constant (� ) refer to Lorentzian fits to power spectra. Mg2þ block has been determined only in
WT (dominated by TRP channels) and trp mutant. (Data from Hardie, R. C. and Minke, B., 1994b; Hardie, R. C. and Mojet, M. H., 1995;
Hardie, R. C. et al., 1997; Reuss, H. et al., 1997; Raghu, P. et al., 2000b and Hardie, R. C., unpublished.)
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pore properties by site-directed mutagenesis of the
pore represents the most rigorous demonstration of
channel identity, and thus these results conclusively
demonstrate that TRP does indeed form a pore-
forming subunit of the Drosophila light-sensitive
channel in vivo.

s0145 6.63.4.6.3 trp and trpl phenotypes

p0275 Apart from the changes in permeation properties and
pharmacology of block, both trp and trpl mutants have
a number of intriguing secondary phenotypes. The
original trp phenotype is the decay of the response to
baseline during maintained illumination, associated
with a complete loss of sensitivity that slowly
recovers in the dark. After some debate, this now
appears to be attributable to the complete loss of
PIP2 due to the failure of Ca2þ-dependent inhibition
of PLC (see Figure 20 and Ca2þ-Dependent
Negative Feedback). With weaker illumination, or
brief flashes, responses in trp mutants are superficially
similar to WT; however, they have a �10-fold
reduced sensitivity, their kinetics are slightly slower
and fail to accelerate during light adaptation. Indeed,
virtually all aspects of light adaptation are lacking,
and the loss of response during light adaptation
regimes is better described as exhaustion of the exci-
tatory process (Minke, B., 1982). Whilst intracellular
recordings originally suggested that quantum bumps
were similar in WT and trp, the improved resolution
of whole-cell recordings clearly showed a reduction
in bump amplitude to �3–4 pA (Niemeyer, B. A.
et al., 1996; Henderson, S. R. et al., 2000). Given that
the TRPL single-channel current is �2 pA, this
implies that bumps in trp usually consist of only one
to two channel openings.

p0280 By contrast, quantum bumps and macroscopic
flash responses in trpl mutants are almost indistin-
guishable from WT, and initially the only
phenotypes found in whole-cell recordings of the
LIC were changes in ionic selectivity and the com-
plete block of the light response by La3þ (Niemeyer,
B. A. et al., 1996; Reuss, H. et al., 1997). This suggests
that the TRP channels make the dominant contribu-
tion to the WT light response, and it has been
estimated that �95% of the DA LIC in flash
responses is attributable to TRP (Reuss, H. et al.,
1997). However, subsequent studies using prolonged
illumination performed under more physiological
conditions, using either the ERG or intracellular
voltage recordings, revealed further distinct pheno-
types. These include a reduced plateau potential,
oscillations superimposed on the response and an

impaired ability to light adapt to very dim back-
ground lights (Leung, H. T. et al., 2000). With the
possible exception of the reduced ability to light
adapt (see TRPL Translocation), it remains unclear
however, how these phenotypes relate to the known
properties of the two channels. Leung H. T. et al.

(2000) also reported an intriguing genetic interaction
between trpl, trp, and a mutant of the scaffolding
protein INAD (Scaffolding Protein INAD),
InaDP215, which has a point mutation disrupting its
binding to TRP. Specifically, whilst trpl and InaDP215

mutants have normal or near normal levels of TRP
protein, the trpl,InaDP215 double mutant has greatly
reduced (<10%) levels of TRP and an even more
profound loss of response, which could not be
entirely accounted for by the loss of protein. This
suggests that when TRP is not bound to INAD, it
requires TRPL in order to maintain TRP protein
levels and to generate significant responses (Leung,
H. T. et al., 2000).

s01506.63.4.6.4 TRPL translocation

p0285Another feature that distinguishes the TRPL from
the TRP channel is that the former, like arrestin and
Gq, also undergoes a massive light-induced translo-
cation. Translocation of the TRPL protein out of the
rhabdomere in response to illumination, and its
return in the dark has been shown both by immuno-
cytochemistry and by tracking an enhanced green
fluorescent protein (eGFP)-tagged TRPL protein in

vivo (Bahner, M. et al., 2002; Meyer, N. E. et al., 2006).
In the larger fly Calliphora, translocation has also been
confirmed by quantitative Western blotting of cyto-
solic and rhabdomeral fractions (Bahner, M. et al.,
2002). In Drosophila, at least 80% of eGFP-tagged
TRPL leaves the rhabdomere during bright illumi-
nation with a halftime of 3.25 h, returning rather
more quickly in the dark (halftime 1 h). The translo-
cation mechanism appears to require operation of the
full transduction cascade, being blocked in G�q,
norpA, and trp mutants, and also by removal of extra-
cellular Ca2þ, whilst it is impaired in the ninaC and
arr2 mutants (Meyer, N. E. et al., 2006). Importantly,
whole-cell recordings confirmed the removal (and
return) of functional TRPL channels from the rhab-
domeres, assayed by their reversal potential and
insensitivity to La3þ. One of the physiological con-
sequences of the translocation of TRPL protein out
of the rhabdomere following light exposure, namely
an impaired inability to adapt to weak background
lights, closely mimics one of the trpl mutant pheno-
types (trp and trpl Phenotypes). A possible
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explanation for this is that the TRPL channel may be
subject to more pronounced Ca2þ-dependent inacti-
vation than the TRP channel, and that consequently
low levels of Ca2þ influx associated with weak back-
ground illumination have more effect in inhibiting
TRPL channels than TRP channels, and hence this
cause less reduction in sensitivity when only TRP is
present (Bahner, M. et al., 2002).

s0155 6.63.4.7 INAF, a Novel Protein Required
for TRP Function

p0290 The inaF gene encodes a small, highly eye-enriched
protein with no homologies to other proteins in the
databases and no predicted transmembrane domains.
Null inaF mutants have substantially reduced (�10%
of WT levels) TRP protein levels and a phenotype
that resembles that of a trp null mutant, whilst TRPL
channel function appears intact (Li, C. J. et al., 1999).
Interestingly, the residual TRP protein in inaF

mutants is still localized to the rhabdomeres, yet the
phenotype is as severe as in trp mutants in which
there is no immunodetectable protein. Therefore,
although the reduced levels of TRP protein may
contribute to the phenotype, Li C. J. et al. (1999)
suggest that the INAF protein may also have a direct
regulatory role in TRP channel function.

s0160 6.63.4.8 Scaffolding Protein INAD

p0295 Along with translocation, one of the most intriguing
recent developments in invertebrate photransduction
has been the realization that not only are the
molecular elements of the cascade highly compart-
mentalized within microvilli, but that several key
proteins are also organized into a multimolecular
signaling complex by a scaffolding protein, INAD
(Figure 6). The first mutant allele of InaD (InaDP215)
was isolated by Pak and coworkers, and after it was
cloned the gene was found to encode a protein with
five so-called PDZ domains (Shieh, B. H. and
Niemeyer, B., 1995; Shieh, B. H. and Zhu, M. Y.,
1996; Chevesich, J. et al., 1997; Tsunoda, S. et al.,
1997). PDZ domains are modules, which anchor a
variety of protein targets, typically though not always
by a short (three amino acids) C-terminal target
sequence (see Figures 6 and 7). The final composi-
tion of the complex is still debated, but there is
general agreement that a core set of three proteins
TRP, PLC, and PKC, are bound to INAD in a
stoichiometric (1:1:1:1) manner (Huber, A. et al.,
1996a; Tsunoda, S. et al., 1997; Li, H. S. and

Montell, C., 2000). Other reported targets include
rhodopsin, the second ion channel (TRPL),
NINAC (Myosin Kinase NINAC), which is a class
III myosin that has been proposed to link the com-
plex to the actin cytoskeleton, CaM, and the
immunophilin FKBP59 (Montell, C., 1999; Goel, M.
et al., 2001; Huber, A., 2001). INAD can also form
homophilic interactions with itself; together with the
likelihood of linkage via TRP, which forms tetra-
meric channels, this in principle would provide the
potential for extended complexes containing multi-
ple channels and PLC molecules (Figure 6).

p0300The precise functional role of the INAD complex
(sometimes referred to as signalplex or transducisome)
remains uncertain. It has been reasonably speculated
that tethering PLC and the channels together would
minimize diffusional delays, thus contributing to the
rapid kinetics. It has also been suggested that the
INAD complex represents the molecular framework
responsible for the quantum bump (Scott, K. and
Zuker, C. S., 1998), but definitive evidence for this is
lacking. The null InaD1 mutant has greatly reduced
sensitivity and quantum bumps are much reduced in
size (Scott, K. and Zuker, C. S., 1998); however, this
could simply reflect reduced levels of microvillar PLC
since INAD is also required for targeting PLC to the
microvillar membrane (Tsunoda, S. et al., 2001). It is
also possible to genetically disrupt specific INAD
interactions; for example, the TRP channel’s interac-
tion with INAD can be disrupted by mutations either
in the TRP-specific PDZ domain on the INAD pro-
tein (as in the original InaDP215 mutation), or by
mutation in the C-terminal PDZ-binding motif of
the TRP protein (Li, H. S. and Montell, C., 2000). In
either case, there is little, if any, defect in the kinetics
or amplification of excitation, although there is a spe-
cific deactivation defect (quantum bumps terminate
abnormally slowly) in the InaDP215 mutant (Shieh, B.
H. and Niemeyer, B., 1995; Henderson, S. R. et al.,
2000). Most recently, a similar deactivation defect,
albeit measured in the ERG, was reported after engi-
neering a point mutation of a key PKC
phosphorylation site in the TRP protein, suggesting
that the association of TRP with INAD and PKC (also
a member of the signalplex) is critical for TRP phos-
phorylation (Popescu, D. C. et al., 2006) (see also
Protein Kinase C). Whether or not the proximity of
PLC and TRP on a molecular scale is also essential for
normal excitation, one of the vital roles of INAD is to
maintain TRP and PLC and PKC in the microvillus in
high concentrations (�100 copies per microvillus) and
in stoichiometric relationship. In fact both TRP and
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INAD are essential for the long-term maintenance of
the complexes in the rhabdomeres. Thus, whilst both
TRP and INAD are initially correctly targeted to the
rhabdomere in the absence of the other, over a period
of days, TRP protein disappears from the rhabdomere
in InaD mutants, whilst INAD protein is similarly
destabilized in trp mutants (Tsunoda, S. et al., 1997;
Li, H. S. and Montell, C., 2000).

s0165 6.63.4.9 Myosin Kinase NINAC

p0305 The ninaC locus encodes two photoreceptor-specific
class III myosins characterized by an N-terminus
kinase domain followed by a myosin-like domain
(Figure 7). A long form (174 kDa) is localized in the
rhabdomeres, whilst a short cytosolic variant
(132 kDa) is found only in the cell body (Montell,
C. and Rubin, G. M., 1988). The rhabdomeric 174-
kDa protein may be linked to the F-actin core of the
microvillus (Hicks, J. L. et al., 1996). ninaC null
mutants or mutants lacking the rhabdomeric 174-
kDa variant show defects in response termination
and light adaptation, including an abnormally large
steady-state plateau response (Porter, J. A. et al., 1992;
Porter, J. A. and Montell, C., 1993; Hofstee, C. A. et al.,
1996; Arnon, A. et al., 1997a), and also undergo light-
dependent retinal degeneration (Porter, J. A. et al.,
1992). The mechanistic basis for these phenotypes
remains uncertain, though the deactivation defect
can be attributed, at least in part, to its role as the
major CaM-binding protein in the retina (Porter, J. A.
et al., 1993) (see Section 6.3.1)AU4 . NINAC is also a
phosphoprotein and an in vitro target for PKC and
possibly other kinases. Targeted mutagenesis of two
putative phosphorylation sites in NINAC resulted in
an unusual ERG phenotype, with slow oscillations in
the dark following a bright flash (Li, H. S. et al., 1998).
ninaC mutants have also been reported to be defec-
tive in a putative PKA-mediated modulation of
response latency (Chyb, S. et al., 1999a). More
recently, ninaC mutants have been reported to show
defects in the translocation of both arrestin (Lee, S. J.
and Montell, C., 2004) (disputed by Satoh, A. K. and
Ready, D. F., 2005) and the TRPL channels (Meyer,
N. E. et al., 2006), possible indicative of a motor
function.

s0170 6.63.5 Messengers of Excitation

p0310 Genetic and other evidence have clearly established
that fly phototransduction involves rhodopsin, Gq

protein, and PLC, followed by activation of TRP
and TRPL channels; however, the final steps of acti-
vation downstream of PLC, and in particular, the
messenger of excitation are controversial and have
still not been unequivocally resolved.

s01756.63.5.1 Evidence for Activation by Lipid
Messengers

p0315InsP3 is the most familiar product of PIP2 hydrolysis
by PLC, and its major target is the InsP3R – an
intracellular Ca2þ release channel found on internal
Ca2þ stores. Although it was originally widely
believed that InsP3-induced Ca2þ release from
the SMC was an essential step in excitation in
Drosophila, as appears to be the case, e.g., in Limulus

(see Phototransduction Mechanisms in Other
Invertebrates), most recent evidence suggests it
plays no role. Firstly, neither InsP3 nor Ca2þ has
been found to activate the light-sensitive channels,
even when released instantaneously by flash photo-
lysis of caged precursors (Hardie, R. C., 1995; Hardie,
R. C. and Raghu, P., 1998). Furthermore, although
light induces a massive rise in cytosolic Ca2þ, this is
almost entirely due to Ca2þ influx (see Ca2þ Signals
are Dominated by Ca2þ Influx, Peretz, A. et al., 1994;
Ranganathan, R. et al., 1994; Hardie, R. C., 1996b).
Most importantly, all aspects of phototransduction
appear to be completely normal in mutants of the
only known InsP3R gene in Drosophila (Acharya, J. K.
et al., 1997; Raghu, P. et al., 2000a). Although some
pharmacological evidence has implicated the ryano-
dine receptor (RyR) in phototransduction in
Drosophila (Arnon, A. et al., 1997b), null mutants of
the RyR again failed to shown any discernible phe-
notype (Sullivan, K. M. C. et al., 2000).

p0320By contrast, genetic evidence, particularly invol-
ving mutations of the rdgA gene encoding
diacylgylcerol kinase (DGK), strongly implicates
DAG in the excitatory pathway (Figure 16). The
first indication was the finding that both TRP and
TRPL channels were constitutively active in the
dark in rdgA mutants, consistent with activation by
build up of DAG by basal PLC activity (Raghu, P.
et al., 2000b). Recently, strong evidence for the requi-
site basal hydrolysis of PIP2 by PLC has been
obtained in vivo using the genetically targeted PIP2

biosensor (Kir2.1 channel) in both WT and rdgA

mutants (Figure 14 and Measuring Phospholipase C
Activity). A second powerful argument is that DGK
mutations massively facilitate the response to light in
severe norpA or G�q hypomorphs (Figure 16). In such
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mutants, bump amplitudes are reduced 5- to 10-fold

(Figures 12 and 13) and the macroscopic response to

light can be reduced 100- to 1000-fold. However,

when combined with the rdgA mutation, responses are

massively facilitated and quantum bump amplitudes

restored to WT levels (Hardie, R. C. et al., 2002). The

possibility that pleiotropic effects of the rdgA mutation

mediate such effects are effectively excluded by find-

ing that even a �50% knockdown of DGK activity in

rdgA�/þ heterozygotes (themselves otherwise fully

WT in behavior) is sufficient to substantially amplify

responses in these PLC and Gq hypomorphic back-

grounds (Figure 16, and Hardie, R. C. et al., 2002).
p0325 The Drosophila TRP channels can also be acti-

vated by metabolic inhibition, and activate

spontaneously for example in whole-cell recordings

made without ATP in the electrode (Hardie, R. C.

and Minke, B., 1994b; Agam, K. et al., 2000). Whilst

this has been taken as evidence of protein depho-

sphorylation – possibly of the channels themselves –

contributing to their activation (Agam, K. et al., 2000),

a recent study found that activation by metabolic

inhibition had an absolute requirement for PLC

activity, and proposed that the primary mechanism

was failure of DGK activity, combined with basal

PLC activity, resulting in buildup of DAG (Hardie,

R. C. et al., 2004). An apparent additional requirement

of Ca2þ inferred from the ability of high concentra-

tions of BAPTA to block the spontaneous activation

(Agam, K. et al., 2004) may have been due to the

suppression of PLC activity by low Ca2þ levels, and

a previously unrecognized action of BAPTA as an

inhibitor of PLC activity (Hardie, R. C., 2005).
p0330Whilst DAG has been strongly implicated by

these and other studies, and is now also widely

accepted as an activator of several vertebrate TRPC
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f0080 Figure 16 Genetic evidence for excitatory role of DAG. Mutations in DAG kinase (DGK, rdgA gene) greatly facilitate

responses in PLC and G�q hypomorphs. (a) A bright flash in a severe norpA hypomorph (norpAP12) elicits no more than a few

sporadic 1- to 2-pA bumps; in the double mutant norpAp12,rdgA1 the response to the same intensity is enhanced �100-fold.
(b) In a G�q mutant, repeated flashes elicit small �2-pA quantum bumps (traces superimposed); however, the bump

amplitude is greatly increased even in a rdgA/þ heterozygote where the DGK levels are reduced by only�50%. (c) Summary

of averaged data (mean�SEM) for macroscopic response amplitude in two norpA alleles (P12 and P16) and also the G�q

mutant (left bar, single mutant; right bar, in double mutant combination with rdgA) – note the logarithmic scale. (d) Summary of
data on quantum bump amplitudes in G�q and norpAp12, showing dosage-dependent rescue by the rdgA mutation. Below:

reference to the roles of PLC and DGK shows how the data can be readily interpreted if it is assumed that DAG is an excitatory

messenger. (Adapted with permission from Hardie, R. C. et al., 2002.)
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channels (reviewed in: Hardie, R. C., 2003), at least
two obstacles remain. Firstly the only data on DGK
immunolocalization indicate that it is found predo-
minantly in the SMC and not in the microvilli
(Masai, I. et al., 1997). However, the resolution was
not sufficient to exclude presence at the base of the
microvilli, which would potentially be sufficient to
control DAG levels in the microvilli. Secondly, exo-
genous application of DAG either to photoreceptors
or to heterologously expressed TRPL channels has
little or no effect (Hardie, R. C. unpublished;
Estacion, M. et al., 2001). The only potential agonists
yet found to activate the Drosophila channels are in
fact poly- or monounsaturated fatty acids (PUFAs),
such as arachidonic acid or linolenic acid. PUFAs
activate TRPL channels in inside-out patches from
heterologously expressed channels as well as both
TRP and TRPL channels in whole-cell recordings
from photoreceptors with an EC50 of�10 mM (Chyb,
S. et al., 1999b). More recently, PUFAs, but not DAG
have also been shown to activate the only other
TRPC family member in Drosophila, namely TRP�
(Jors, S. et al., 2006). PUFAs could in principle be
released from DAG by DAG lipase or from phospho-
lipids by PLA2; however, to date there is no evidence
for the existence of such enzymes in the transduction
cascade in Drosophila. Although a mutation in a puta-
tive DAG lipase (rolling black out, rbo) recently
described by Huang F. D. et al. (2004) did in fact
result in a severe block in phototransduction, details
of its phenotype, were not consistent with such a
proposed role. Thus, rbo mutants were reported to
show reduction in light-induced DAG production,
interpreted as an apparent inhibition of PLC activity,
whilst the mutant flies only stopped responding to
light after continuous bright illumination.

p0335 One possible resolution to this problem is sug-
gested by quantitative estimates of the rate of PIP2

hydrolysis in the photoreceptors, again using the
Kir2.1 channel as a PIP2 biosensor. These measure-
ments indicate that a single-photon absorption results
in PLC activity at rates sufficient to hydrolyze all the
PIP2 (and probably also the PI and PIP reserve) in a
single microvillus within less than 1 s (Figure 14,
Hardie, R. C. et al., 2001; 2004). Given that a single
microvillus contains several thousand PI, PIP, and
PIP2 molecules, a simple calculation based on the
surface area and volume of a microvillus suggests
that, locally, DAG concentrations within the micro-
villus can be expected to reach near millimolar levels.
DAG is notoriously insoluble and if the TRP chan-
nels respond to DAG levels in this concentration

range, it may be experimentally impossible to apply
exogenous DAG at such concentrations, whilst the
more soluble PUFAs may act as surrogate, nonphy-
siological agonists on the same channels.

s01806.63.5.2 PIP2 Depletion

p0340In addition to mounting evidence for the role of DAG,
recent studies have also raised the possibility that PIP2

reduction may contribute to excitation. The first indi-
cation was the finding that recombinant TRPL
channels in inside-out patches, previously activated by
application of exogenous PLC�, could be inhibited by
application of PIP2 (Estacion, M. et al., 2001). However,
recordings of light-activated TRPL channel activity,
isolated in trp mutants, suggest a different picture
in vivo. In the trp mutant prolonged illumination leads
to complete loss of PIP2 in the microvillar membrane,
because Ca2þ influx via the TRP channels appears to
be required for inhibition of PLC activity (see Ca2þ-
Dependent Negative Feedback), but under these con-
ditions the remaining TRPL channels rapidly close and
remain profoundly inactivated until PIP2 is resynthe-
sized (Hardie, R. C. et al., 2001). This collapse of the
response is consistent with a role for DAG in excitation,
since the substrate for its generation is exhausted,
but clearly contrary to what would be expected if
PIP2 depletion directly activated the channels.
Interestingly, however, TRP channels behave rather
differently. The Ca2þ influx required to prevent exces-
sive PIP2 hydrolysis by PLC can also be blocked by
removing extracellular Ca2þ: under these conditions
flashes of light which deplete a substantial fraction of
PIP2 usually result in a failure of the TRP channels to
close after termination of the light flash. A similar fail-
ure in response termination can also be observed in
mutants of the rdgB gene, which encodes an essential
component of the PIP2 recycling pathway (Vihtelic, T.
S. et al., 1993; Milligan, S. C. et al., 1997; Hardie, R. C.
et al., 2001) see Phosphoinositide Metabolism and
Figure 17). Finally, when TRP channels are activated
following ATP deprivation they remain active indefi-
nitely, and long after all detectable PIP2 has
disappeared from the microvilli (Gu, Y. et al., 2005).
Since large amounts of DAG are also produced under
all these conditions, activation cannot necessarily be
attributed to PIP2 depletion alone; however, a hypoth-
esis worth further investigation is that channels may be
activated by simultaneous generation of DAG and
depletion of PIP2. For example, the TRP protein (or
associated proteins) might incorporate domains capable
of binding PIP2 and DAG (or PUFA); binding to PIP2

SNSE 00402

Phototransduction in Microvillar Photoreceptors of Drosophila and Other Invertebrates 31



E
LS

E
V
IE

R
FI

R
S
T

P
R

O
O

F

would stabilize the closed state, whilst DAG/PUFA

would stabilize the open state.
p0345 Further support for the roles of DAG and/or PIP2

in excitation comes from recent studies of mutants

(laza) of an eye-enriched phosphatidic acid phospha-
tase (PAP). More correctly referred to as lipid
phosphate phosphohydrolase (LPP), this enzyme cat-
alyzes the reverse reaction from DGK, namely PA to

DAG (see Figure 17, Garcia-Murillas, I. et al., 2006;
Kwon, Y. and Montell, C., 2006). Analysis of laza

mutants indicates that LPP acts antagonistically
with DGK (rdgA) to regulate the levels of DAG and
PA. Thus the normally slow response termination in
the ERG of a hypomorphic rdgA mutant (rdgA3) was
accelerated in the rdgA3; laza double mutant, but
further slowed by overexpression of LPP using a
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f0085 Figure 17 Phosphoinositide cycle. PIP2 is hydrolyzed by PLC (norpA gene), generating diacylgylcerol (DAG) and InsP3.

DAG is converted to phosphatidic acid (PA) via DAG kinase (rdgA), the reverse reaction (PA to DAG) is catalyzed by LPP (laza);

DAG may also be converted to PUFAs by a DAG lipase. PA can also be synthesized de novo by acylation of glycerophosphate

and can be released from phosphatidylcholine (PC) by PLD. PA is combined with CTP to form CDP–DAG via CD synthase
(cds) in the SMC. This in turn undergoes condensation with inositol to form to phosphatidylinositol (PI) via PI synthase. PI is

transported back to the microvillar membrane by a PI transfer protein (rdgB). PI is converted to PIP2 via sequential

phosphorylation (PI kinase and PIP kinase) in the microvilli to reconstitute PIP2. PIP2 may also be further phosphorylated to

PIP3 via PI39 kinase and reconverted via a PIP3-specific lipid phosphatase (pTEN).
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WT laza transgene (Garcia-Murillas, I. et al., 2006).
Similarly, using an independently generated laza

mutant, (Kwon, Y. and Montell, C., 2006) found that
response amplitudes (measured by ERG) were
reduced and response decay times accelerated in
laza mutants. Similar genetic interactions between
laza and rdgA were also seen in their retinal degen-
eration phenotypes – in that laza mutants suppress,
and laza overexpression enhances degeneration in
rdgA (Garcia-Murillas, I. et al., 2006).

p0350 On the one hand, these results would appear to
support a role for DAG in excitation and degenera-
tion, since laza mutations would be expected to
decrease DAG levels (at the expense of PA), whilst
overexpression of LPP would increase DAG.
However, Garcia-Murillas I. et al. (2006) also found
that PI levels are reduced in rdgA mutants, particu-
larly in combination with laza overexpression, due,
not only to the involvement of PA as substrate for PI
recycling (Phosphoinositide Metabolism), but also
because transcript levels of PI synthase, an essential
enzyme for PIP2 recycling were greatly reduced in
these mutant backgrounds. Garcia-Murillas I. et al.
(2006) also noted that whilst PA levels have been
shown to be decreased in rdgA mutants (a finding
which they confirm), DAG levels have been reported
to remain unaltered (Inoue, H. et al., 1989), and there-
fore interpret their results as support for the
suggestion that the decrease in PIP2 may underlie
the degeneration, and possibly contribute to the
excessive and prolonged activation of TRP channels.

p0355 In summary, there is little evidence to support a
role for InsP3 in excitation in Drosophila, whilst a
number of recent studies have suggested that the
alternative, membrane-delimited products of PLC
activity (i.e., DAG, PUFAs, and PIP2) may be the
relevant messengers of excitation. However, this area
is still controversial and final resolution of the
mechanism of excitation is likely to require, inter alia,
identification and characterization of lipid-binding
sites on the channel molecules, further biochemical
analysis of light-induced lipid metabolism, and mole-
cular identification and mutant analysis of any further
gene products required for activation.

s0185 6.63.6 Ca2þ-Dependent Feedback
and Mechanisms of Adaptation

p0360 Whilst current evidence argues that the primary
agent of excitation is a membrane-delimited lipid
messenger, the importance of Ca2þ influx via the

channels as regulator of phototransduction and med-
iator of adaptation can hardly be overstated. This was
graphically illustrated in some of the first whole-cell
recordings from Drosophila photoreceptors investigat-
ing the effect of removing extracellular Ca2þ

(Hardie, R. C. 1991b; Ranganathan, R. et al., 1991).
Both onset and offset kinetics are greatly slowed,
quantum bump amplitudes are reduced �10-fold
(Henderson, S. R. et al., 2000), and the peak–plateau
transition characteristic of light adaptation is largely
abolished (Figure 18). The mechanisms underlying
this Ca2þ-dependent regulation are diverse and still
not entirely understood, but they include both posi-
tive and negative feedback regulation, the latter in
particular probably affecting most steps in the trans-
duction cascade. Although Ca2þ-dependent positive
feedback is arguably the most distinguishing feature
of invertebrate phototransduction (in vertebrates,
Ca2þ-dependent feedback is always operationally
negative, see Yau, K-W., this volume), there is little
information on the underlying molecular mechan-
ism(s) in Drosophila. Electrophysiologically, positive
feedback is manifest as a �10-fold increase in the
amplitude of the quantum bumps and an even larger
increase in the absolute slope of the rising phase of
the response. The feedback can be mimicked by
cytosolic release of caged Ca2þ, which accelerates
the light response with a submillisecond latency
(Hardie, R. C., 1995). This would suggest that it
acts at a very late stage in transduction – either on
the channels themselves, and/or PLC which is facili-
tated by Ca2þ in the range from 10 nM to 1 mM
(Running Deer, J. L. et al., 1995) (see Measuring
Phospholipase C Activity and Fast Nonlinear
Response Kinetics for further discussion).

s01906.63.6.1 Ca2þ Signals

p0365Crucial to an understanding of Ca2þ-dependent
feedback is an appreciation of the Ca2þ signals actu-
ally experienced by the photoreceptors during
stimulation.

s01956.63.6.1.1 Ca2þ signals are dominated

by Ca2þ influx

p0370Ca2þ indicator dyes, including fluo-3, Ca orange, or
INDO-1, loaded via the patch pipette reveal a mas-
sive and rapid light-induced rise in Ca2þ (Peretz, A.
et al., 1994; Ranganathan, R. et al., 1994; Hardie, R. C.,
1996b). Absolute estimates in Drosophila, made using
ratiometric dyes indicate that Ca2þ are �160 nM in
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the dark, and can transiently reach light-induced
values of �50 mM, measured globally throughout
the cell (Hardie, R. C., 1996b). The overwhelming
majority of this signal derives from Ca2þ influx via
the light-sensitive channels, since the Ca2þ signal is
undetectable (Peretz, A. et al., 1994; Ranganathan, R.
et al., 1994), or greatly reduced (Hardie, R. C., 1996b)
when extracellular Ca2þ is removed. However, a
small fluorescent signal, in principle representing a
rise of �20 nM free Ca2þ, can still be detected with
bright illumination under optimal conditions in
Ca2þ-free solutions (Hardie, R. C., 1996b; Cook, B.
and Minke, B., 1999). Whilst this signal is clearly
dependent on phototransduction (e.g., it is absent in
norpA mutants), it was not significantly reduced in
InsP3R mutants (Raghu, P. et al., 2000a), but was
eliminated in the absence of external Naþ (Hardie,
R. C., 1996b; Cook, B. and Minke, B., 1999). It

therefore can even be questioned whether it repre-
sents release from internal stores; alternative
possibilities might include release of buffered Ca2þ

or a dye artefact induced by massive (bio)chemical
changes and/or monovalent ion fluxes associated
with responses under these conditions.

s02006.63.6.1.2 Ca2þ transients in the

rhabdomeres
p0375Notwithstanding the uncertainties concerning the

origin and significance of the residual signal detected
under Ca2þ-free conditions, the Ca2þ signal under
physiological conditions is clearly predominantly
mediated by Ca2þ influx via the TRP channels.
TRPL channels are also permeable to Ca2þ and can
sustain a reduced influx signal in trp mutants (Peretz,
A. et al., 1994; Hardie, R. C. 1996b) until they close
following PIP2 depletion. Both TRP and TRPL
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f0090 Figure 18 Ca2þ-dependent feedback. (a) Responses recorded in normal bath (Ca2þ) and after perfusing with EGTA-

buffered Ca2þ-free Ringer (0 Ca2þ) reveal the profound influence of Ca2þ influx on the light response. Both rising and falling

phases are greatly slowed down suggesting that Ca2þ influx mediates both positive and negative feedback. (b) This behavior

is also seen at the level of the quantum bumps, which are greatly reduced in amplitude and prolonged in the absence of
external Ca2þ. (c) Ca2þ influx is also essential for light adaptation: the peak-to-plateau transition during a 500-ms stimulus is

eliminated in the absence of external Ca2þ. (d) Quantum bump parameters; amplitude, duration (half-width), and latency,

measured in normal (1.5 mM Ca2þ) and Ca2þ-free bath. Note that the amplitude is reduced and the duration increased, but the

latency is unaltered. (For further details, see Henderson, S. R. et al., 2000.)
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channels are localized along the length of the micro-
villi (Niemeyer, B. A. et al., 1996), and spatial imaging
of the Ca2þ influx in Drosophila also shows influx to
be initially localized to the rhabdomeres
(Ranganathan, R. et al., 1994). Rather more accurate
and informative Ca2þ imaging has been made in the
larger fly Calliphora, using intracellular indicator dye-
injection in the intact animal combined with imaging
of the rhabdomeres through the fly’s own optics
(Oberwinkler, J. and Stavenga, D. G., 1998; 2000).
By using a range of indicator dyes with different
affinities, Ca2þ levels in the rhabdomeres were
found transiently to reach values well in excess of
200 mM during bright illumination, before rapidly
relaxing (within �100 ms) to steady-state levels of
maximally �10 mM with the brightest illumination.
Under light-adapted (LA) conditions, however,
because of the reduction in gain associated with
adaptation, incremental flashes generate greatly
reduced inward currents and the Ca2þ transients in
the microvilli now reached only �50–100 mM
(Figure 19). Whilst such measurements were made
from the whole rhabdomere in Calliphora, theoretical
considerations suggest that a similar situation should
hold in Drosophila, and also that similar values are
reached at the level of single microvilli in response to
single-photon absorptions (Postma, M. et al., 1999). In
fact, the Ca2þ levels reached in single microvilli are
probably even higher, since measurements will inevi-
tably average the responses of both stimulated and
unstimulated microvilli. The time course of the
microvillar transients is also likely to be faster, as
the measured responses will be smeared by the
bump latency dispersion. Finally, the Ca2þ levels
reached in individual microvilli in between photon
absorptions in LA cells are likely to be lower than the
measured steady-state level, again because this will
represent the average of excited and unstimulated
microvilli.

s0205 6.63.6.1.3 Ca2þ buffers and homeostasis

p0380 Invertebrate photoreceptors such as Drosophila

experience more extreme Ca2þ levels than almost
any other eukaryotic cells. There is relatively little
information on how they cope with these levels,
which probably reach a steady state of �10 mM
throughout the cell body during maintained illumi-
nation. However, appropriate regulation is vital not
only for performance, but also because cell death and
retinal degeneration rapidly result when levels are
either too high or too low (e.g., Sahly, I. et al., 1994;
Alloway, P. G. et al., 2000; Kiselev, A. et al., 2000a;

Raghu, P. et al., 2000b; Yoon, J. et al., 2000; Wang, T.

et al., 2005a; 2005b). By far, the dominant extrusion

mechanism is a Naþ/Ca2þ exchanger (encoded by

the calx gene), which is highly expressed in the
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f0095Figure 19 Ca2þ signals and adaptation strategy. (a) Ca2þ

concentration measured in the rhabdomeres of the larger fly
Calliphora in the intact animal using confocal imaging of the

rhabdomeres via the intact optics. Cells were impaled with

sharp intracellular microelectrodes containing the dye Oregon

Green 5N. Left: in an initially dark adapted cell, Ca2þ rises from
a submicromolar resting level (arrow) to values in excess of

200mM (saturation level of the dye), before relaxing to a

steady-state level of �10mM within �200 ms. Right: in an

initially light adapted cell, Ca2þ rises from an initial level of
�3mM (arrow) to�50mM, relaxing now even more rapidly to a

new steady state of 10mM. (Adapted with permission from

Oberwinkler, J. and Stavenga, D. G., 2000.) (b) Based on these
findings, as well as on detailed theoretical considerations, the

global steady-state Ca2þ levels in the microvilli and cell body

are believed to vary from �150 nM in the dark to �10mM as

background intensity is raised, whilst the transients
experienced during incremental flashes (and at the level of

microvilli, in response to single photons) vary from �1 mM in

dark adapted cells to �50mM in light-adapted cells. The

curves show the Ca2þ dependence of the inhibition of the
light-induced current and channels (LIC) with an IC50 of

�1mM, and of PLC (IC50�75mM) determined by manipulation

of the Naþ/Ca2þ exchanger. This suggests that the gain during
steady-state adaptation is primarily determined by the Ca2þ-

dependent inhibition of TRP channels, whilst the transients

experienced during the quantum bumps are sufficient to

inhibit PLC, thereby preventing excessive PIP2 hydrolysis.
(Adapted with permission from Gu, Y. et al., 2005.)
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microvillar membrane, where it can generate electro-
genic Naþ/Ca2þ currents of at least 100 pA during
Ca2þ extrusion. calx mutants show greatly reduced
sensitivity to light, and response inactivation during
continued illumination due to the Ca2þ overload, as
well as severe and rapid light-dependent retinal
degeneration due to Ca2þ cytotoxicity (Wang, T.
et al., 2005b).

p0385 The cell body also contains Ca2þ stores, which
can release enough Ca2þ to raise intracellular Ca2þ

by a few 100 nM when their thapsigargin-sensitive
Ca ATPase is inhibited. Although it is debatable
whether the stores normally play any direct role in
transduction, the Ca2þ relased following application
of thapsigargin or ionomycin is sufficient to facilitate
responses to light recorded in Ca2þ-free solutions
(Hardie, R. C., 1996a). The cell body and microvilli
also contain a variety of Ca2þ-binding proteins that
may function as Ca2þ buffers. Firstly, the microvilli
have an unusually high level (�0.5 mM) of CaM
(Porter, J. A. et al., 1993), which may function as a
buffer in addition to other roles described below
(Calmodulin). Because of the high surface area-to-
volume ratio in the microvillar lumen, low-affinity
Ca2þ binding to negatively charged phospholipids
may also be important. The cell body expresses at
least two major Ca2þ-binding proteins, calphotin and
calnexin. Calphotin is a novel Ca2þ-binding protein,
which is enriched in the eye and found throughout a

large, but distinct central region of the cell body. This
region was also found to precipitate Ca oxalate, lead-
ing to speculation that it may represent a Ca2þ-
sequestering sponge (Ballinger, D. G. et al., 1993;
Martin, J. H. et al., 1993). Photoreceptors in calphotin

mutants show severe developmental abnormalities,
but calphotin’s role as a buffer has not been further
investigated (Yang, Y. and Ballinger, D., 1994).
Calnexin is a molecular chaperone, and is required,
along with the cyclophilin ninaA for Rh1 folding and
targeting. However, it also appears to play a role as a
Ca2þ buffer, since Ca2þ measurements reveal that
abnormally high Ca2þ levels are reached during main-
tained illumination in calnexin mutants, whilst the
photoreceptors also undergo light-dependent retinal
degeneration that cannot be attributed to calnexin’s
role as a chaperone (Rosenbaum, E. E. et al., 2006).

s02106.63.6.2 Ca2þ-Dependent Negative
Feedback

p0390Although a number of Ca2þ-dependent feedback tar-
gets have been identified in the transduction cascade
(Table 3), until recently their respective contribution
to light adaptation and response termination was
rather poorly defined. A major advance in this respect
was made recently by exploring the Ca2þ dependence
of phototransduction by exploiting the properties of
the Naþ/Ca2þ exchanger (CalX) to manipulate

t0015 Table 3 Molecular targets for Ca2þ-dependent feedback

Transduction
protein Biochemical information Function of feedback

TRP In vivo PKC substrate; contains CaM-binding site
(CBS)

Ca2þ-dependent facilitation and
inhibition

TRPL In vitro PKC substrate; two CBS Ca2þ-dependent inhibition

PLC (norpA) Contains a Ca2þ-binding C2 motif. Inhibition is PKC

dependent

Ca2þ-dependent regulation

INAD In vivo PKC substrate; CBS Unknown

Arrestin 2 CaMKII substrate Prevents sequestration with M

Arrestin 1 CaMKII substrate Unknown

Substrates/binding partners Function

Mediators (Ca2þ-dependent enzymes/binding protein)

PKC (inaC) TRP, INAD, NINAC Ca2þ- (and DAG)-dependent
inactivation

Rh phosphatase

(rdgC)

CaCaM dependent Rhodopsin dephosphorylation

CaMKII Arr2 and Arr1 Pigment cycle
Calmodulin (cam) TRP, TRPL, CaMKII, NINAC, INAD, RDGC Ca2þ-dependent inactivation

Proteins reported to be subject to Ca2þ-dependent regulation. Protein targets have been separated into transduction proteins and
mediators – i.e., Ca2þ-dependent enzymes and binding proteins. See text for further details and reference (Ca2þ-Dependent Feedback
and Mechanisms of Adaptation and Molecular Strategies of Quantum Bump Generation and Adaptation).
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cytosolic Ca2þ in the microvilli (Gu, Y. et al., 2005).
The CalX exchanger, which is highly expressed in the
microvilli (Wang, T. et al., 2005b), belongs to the NCX
family of exchangers, which have a stoichiometry of
3Naþ:1Ca2þ , and as such should drive cytosolic Ca2þ

toward an equilibrium determined by membrane vol-
tage, the transmembrane Naþ gradient and
extracellular Ca2þ. By simply varying external Naþ,
therefore, it is possible in principle to systematically
manipulate cytosolic Ca2þ concentration to virtually
any desired level. Using this approach it was shown
that the LIC was sensitively inhibited by Ca2þ in the
range 0.1–10mM with an IC50 of�1mM Ca2þ (Gu, Y.
et al., 2005). Raising Ca2þ in this range in the dark also
quantitatively mimicked the major features of light
adaptation (gain reduction, parallel shift of V/log I

curves and response acceleration). In marked contrast,
PLC activity, monitored using the PIP2 biosensor
channels (Kir2.1), was completely unaffected over
this range and was only inhibited by much higher
Ca2þ levels (IC50 � 75mM) indicating that the major
features of light adaptation are mediated downstream
of PLC (Figure 19, Gu, Y. et al., 2005). An obvious
target is the TRP channel that was also found to be
inhibited by Ca2þ with an IC50 of �1mM. The very
rapid time constant (1–2 ms) of Ca2þ-dependent inac-
tivation of TRP, previously determined by applying
hyperpolarizing voltage steps or by release of caged
Ca2þ, suggests a direct mechanism, possibly with the
involvement of CaM (Hardie, R. C. and Minke, B.,
1994a; Hardie, R. C., 1995). These results thus sug-
gested that the major features of light adaptation
appear to be accounted for by Ca2þ-dependent inhibi-
tion of the light-sensitive channels, the final output
stage of the transduction cascade.

p0395 Whilst apparently not directly contributing to
light adaptation, the inhibition of PLC activity by
higher levels of Ca2þ, which probably occur only
during the Ca2þ transients, appears to be an essential
mechanism to prevent depletion of PIP2 during illu-
mination. This inhibition fails not only in the absence
of external Ca2þ, but also in trp mutants, apparently
because the reduced Ca2þ influx through the less
abundant, and less Ca2þ-permeable TRP channels
is insufficient to generate the high Ca2þ levels
required to inhibit PLC activity. The evidence for
this again came from experiments using Kir2.1 bio-
sensor channels to monitor PIP2 hydrolysis
(Figure 20): under normal conditions, illumination
equivalent to bright daylight results in only very
modest reductions of PIP2 levels in the rhabdomere;
however, in trp mutants even much weaker

illumination results in hydrolysis of virtually all

detectable PIP2 (Hardie, R. C. et al., 2001), with an

intensity dependence similar to that of the trp decay

phenotype (Hardie, R. C. et al., 2004). The exhaustion

of PLC substrate (PIP2) due to failure of Ca2þ-

dependent inhibition of PLC activity thus provides

a satisfying explanation for the long debated transient

receptor potential trp phenotype, which had pre-

viously been attributed to depletion of intracellular

Ca2þ stores (Cook, B. and Minke, B., 1999) or Ca2þ-/

CaM-dependent inactivation of the TRPL channel

(Scott, K. et al., 1997).
p0400The mechanism by which such high levels of

Ca2þ inhibit PLC activity remains unsolved. Gu Y.

et al. (2005) also found that PIP2 levels were depleted

by illumination in the PKC mutant inaC even more

sensitively than is the case in the trp mutant, suggest-

ing that the inhibition of PLC is PKC dependent (see

Protein Kinase C).
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f0100Figure 20 The trp decay phenotype is associated with

depletion of PIP2. (a) Whole-cell recordings of response in
wild type (WT) (control) and trp mutant to a 5-s light stimulus

(�30 000 photons per second). Whilst the WT response

shows the typical peak–plateau transition due to light

adaptation, the response in trp decays to baseline.
Furthermore, responses to brief test flashes are completely

eliminated following the decay in trp. (b) The same stimulus,

now applied to WT and trp mutants expressing the PIP2-
sensitive Kir2.1 channel (see Figure 14). In both cases, the

constitutive current of 1–2 nA (double arrows) indicates the

response of Kir2.1 to prevailing dark levels of PIP2. In the WT

fly, following illumination there is only a minor reduction in
the Kir2.1 current; however, in trp the Kir2.1 current is

almost entirely suppressed, indicating hydrolysis of the

majority of PIP2. This suggests that Ca2þ influx via the TRP

channel is required to inhibit PLC activity, and that failure of
this inhibition leads to a catastrophic loss of PIP2,

accounting for the trp phenotype (Hardie, R. C. et al., 2001).
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s0215 6.63.6.2.1 Calmodulin

p0405 Effects of Ca2þ are often mediated by small Ca2þ-
binding proteins (EF hand proteins), several of which
have been implicated in feedback control in vertebrate
rods and cones (see Yau K-W., this volume). In
Drosophila, however, only one, the ubiquitously
expressed CaM, has been implicated in phototrans-
duction, where it acts on several target proteins
(Table 3). CaM is highly localized in the microvilli,
where it is expressed at unusually high levels
(�0.5 mM), potentially enough to function as a Ca2þ

buffer in addition to more direct roles (Porter, J. A.
et al., 1993). The major CaM-binding protein in the
eye is the NINAC class III myosin (Myosin Kinase
NINAC) (Porter, J. A. et al., 1992), and the concentra-
tion of CaM in the microvilli is greatly reduced in
ninaC mutants lacking the microvillar 174-kDa splice
variant (Porter, J. A. et al., 1993). These ninaC�174

mutants also have a response deactivation defect and
an abnormally large plateau response, which appears
to be largely attributable to the reduced CaM level,
since it can be mimicked in a mutant in which the
CaM-binding site (CBS) alone has been deleted from
the NINAC protein (Arnon, A. et al., 1997a).

p0410 Further insight into CaM function has come from
analysis of CaM hypomorphic mutants (cam) expres-
sing less than 10% of the normal protein levels. cam

mutants have even more pronounced defects in
response termination than ninaC, and the kinetics of
response termination no longer show an obvious
dependence on external Ca2þ concentration (Scott,
K. et al., 1997). Closer examination revealed that the
slow responses are predominantly a consequence of
multiple bump trains in response to single-photon
absorptions. Since these are similar to responses in
arr2 mutants (Figure 10), and are more or less abol-
ished on a G�q mutant background, Scott, K. et al.

(1997) concluded that the defect was upstream of G
protein and represented a defect in rhodopsin inacti-
vation. They also found that the CaMKII
phosphorylation of Arr2 was largely abolished in
these flies. As discussed above (Arrestin
Phosphorylation) however, Arr2 phosphorylation
per se is not required for M inactivation by Arr2, so
this result implies either an alternative role of CaM
in M inactivation, or, as appears to be the case in the
Arr2S366A mutant (which lacks the CaMKII phos-
phorylation site), that Arr2 in these flies becomes
unavailable due to permanent sequestration in M–
Arr2 complexes. As discussed in Rhodopsin Kinase
and Phosphatase, another CaM target is rhodopsin
phosphatase (encoded by rdgC), which is a Ca–CaM-

dependent enzyme, though again the dephosphory-
lation of rhodopsin is not believed to impact directly
upon the light response.

p0415Both TRP and TRPL proteins also have one or
more CBSs (Warr, C. G. and Kelly, L. E., 1996;
Chevesich, J. et al., 1997) and both channels are subject
to Ca2þ-dependent inactivation (Hardie, R. C. and
Minke, B., 1994a; Reuss, H. et al., 1997; Scott, K. et al.,
1997). The TRP protein has one consensus CBS in the
C-terminal; peptide fragments containing this region
bind CaM in a Ca2þ-dependent manner in vitro

(Chevesich, J. et al., 1997), but the role of the TRP
CBS has not been analyzed in vivo. In vitro studies
indicate that one of the two CBS’s in TRPL is con-
ventional, binding CaM in a Ca2þ-dependent fashion,
whilst the other (CBS2) binds the Ca2þ-free form of
CaM, with dissociation occurring at high Ca2þ con-
centrations (>10mM) (Warr, C. G. and Kelly, L. E.,
1996). Warr C. G. and Kelly L. E. (1996) also found
that CaM binding to the conventional CBS1 was
modulated by both PKA and PKC phosphorylation
in vitro. Scott K. et al. (1997) reported that transgenic
flies expressing TRPL protein in which CBS1 had
been deleted had abnormally long light responses
with reduced Ca2þ-dependent inactivation.

s02206.63.6.2.2 Protein kinase C INAC
p0420An eye-enriched PKC is a core member of the INAD

signaling complex (Figure 6, Scaffolding Protein
INAD), and is encoded by the inaC gene (Smith, D.
P. et al., 1991). The inaC PKC is a classical PKC with
>50% identity to vertebrate PKC�s and PKC�s.
Like them, it is presumed to be activated by a com-
bination of DAG and Ca2þ via its two putative C1
domains (DAG binding) and one Ca2þ-binding C2
domain (reviewed in Shieh, B. H. et al., 2002). INAC
has at least two known in vivo substrates in the eye,
namely the TRP channel and the INAD scaffolding
protein (Huber, A. et al., 1996b; 1998; Liu, M. et al.,
2000). The TRPL protein and the class III myosin
NINAC have also been reported as in vitro targets for
PKC phosphorylation (Warr, C. G. and Kelly, L. E.,
1996; Li, H. S. et al., 1998).

p0425The inaC mutant has a specific deactivation
defect, with flash responses showing a residual tail
that decays slowly over 1–2 s (Figure 10) (Smith, D.
P. et al., 1991; Hardie, R. C. et al., 1993). The deactiva-
tion phenotype is masked in recordings made in
Ca2þ-free solutions (i.e., WT and inaC mutant
responses are now similar), consistent with a defect
in Ca2þ-dependent inactivation (Ranganathan, R.
et al., 1991). Although the deactivation defect in
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macroscopic responses resembles that in the arr2

mutant, in arr2 this results from each photon giving
rise to a train of apparently normal bumps (Scott, K.
et al., 1997), whilst in inaC the defect occurs at the
level of individual quantum bumps, which also show
a similar waveform (Figure 10, Hardie, R. C. et al.,
1993). During sustained bright illumination, the
response in inaC eventually decays to baseline, remi-
niscent of the trp phenotype (Hardie, R. C. et al.,
1993). Experiments using the Kir2.1 PIP2 biosensor
indicated that such responses are associated with a
complete loss of PIP2. This was interpreted as a
requirement for PKC for the Ca2þ-dependent inhi-
bition of PLC (Gu, Y. et al., 2005). Failure to
terminate PLC activity may thus explain the major
features of the inaC phenotype:

(1) the prolonged response, which could be inter-
preted as prolonged production of excitatory
messenger (DAG and/or PIP2 reduction), and

(2) the response decay with prolonged illumination
due to PIP2 depletion.

p0430 The mechanism by which PKC might inactivate
PLC remains unclear, since PLC is not believed to
be a direct substrate of PKC. However, since PLC is
coupled to INAD in the signalplex, one possibility is
that PLC activity could be modulated indirectly by
the phosphorylation of INAD.

p0435 Recently, PKC was also shown to have an addi-
tional, and separable effect on the TRP channel.
Popescu D. C. et al. (2006) identified a PKC phosphor-
ylation site (Ser982) on the TRP protein, and found
that flies expressing TRP channels in which the site
was mutated to alanine (TRPS982A) showed a deacti-
vation defect, which was, however, less pronounced
than that in an inaC null mutant. Interestingly though,
the phenotype was very similar to that observed in the
InaDP215 mutant, which has a point mutation in the
PDZ domain responsible for binding TRP (Shieh, B.
H. and Zhu, M. Y., 1996). This suggests that the
association of TRP with INAD is required for its
efficient phosphorylation by PKC. Despite this
demonstration of PKC’s role in TRP channel
termination, it is important to note that the Ca2þ-
dependent inhibition of the TRP channel is still essen-
tially unaltered in inaC mutants (Gu, Y. et al., 2005).

s0225 6.63.7 Phosphoinositide Metabolism

p0440 Maintenance of the substrate for PLC, PIP2 is crucial
to the functioning of the transduction cascade, as

witnessed by the loss of all response when PIP2 levels
collapse, after failure of the Ca2þ-dependent inhibi-
tion of PLC in the trp mutant. PIP2 recycling involves
a number of steps, summarized in Figure 17, which
are believed to take place partly in the microvillar
membrane and partly in the ER (i.e., the underlying
SMC). Following complete depletion of PIP2 in the
rhabdomere by illumination in the trp or trpl;trp

mutant, PIP2 levels are restored with a halftime of
�60 s, as monitored either by Kir2.1 channels (see
Figure 14), or by the time course for the recovery of
the light response in the trp mutant (Hardie, R. C.
et al., 2001; Hardie, R. C. et al., 2004). Indirect argu-
ments suggest that the final steps in the microvilli
(sequential phosphorylation of PI by PI and PIP
kinases) are likely to be fast (seconds or subsecond),
supplying PIP2 essentially on demand (Hardie, R. C.
et al., 2001). This suggests that the rate-limiting step
in recycling is likely to reside in a different part of the
cycle, possibly slow transfer of lipids (e.g., PI)
between the microvillar membrane and the ER,
which form separate membrane containing
compartments.

s02306.63.7.1 RDGA, CDP–DAG Synthase, and PI
Synthase

p0445The first step in PI recycling after PIP2 hydrolysis is
the phosphorylation of DAG by DGK (encoded by
rdgA) to form phosphatidic acid (PA), which also
appears to be a key event in the termination of the
light response (Evidence for Activation by Lipid
Messengers). As discussed in PIP2 Depletion, the
reverse reaction (dephosphorylation of PA to DAG)
is catalyzed by LPP. The balance of activity between
DGK and LPP appears to be crucial in determining
the amount of PA available for PI recycling, and
accordingly, rdgA mutants have significantly reduced
PI and PIP2 levels (Hardie, R. C. et al., 2004; Garcia-
Murillas, I. et al., 2006). Recent evidence, suggests
that PA derived from DAG is the major source of
PA for PI recycling in the photoreceptors (Garcia-
Murillas, I. et al., 2006), but it may not be the only
source. PA can be synthesized de novo (by acylation of
glycerophosphate) and can also be generated by
hydrolysis of phosphatidylcholine (PC) by the action
of phospholipase D (PLD). Two recent studies of a
Drosophila PLD mutant have suggested that PA
derived from PC may also play a role in phototrans-
duction and/or PI recycling (Lalonde, M. M. et al.,
2005; Kwon, Y. and Montell, C., 2006). However, an
earlier biochemical study failed to find any evidence
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for involvement of PLD in PA synthesis in the
Drosophila eye (Inoue, H. et al., 1989).

p0450 PA is combined with CTP to form CDP–DAG by
CDP–DAG synthase. A mutant in an eye-enriched
isoform of this enzyme (cds) has a rather similar
phenotype to trp, showing a loss of response after
repeated stimulation, which could be restored by
providing PIP2 to the cell via the patch pipette
(Wu, L. et al., 1995). Strong evidence for essentially
irreversible depletion of PIP2 during continuous illu-
mination was also provided by expressing the PIP2

Kir2.1 biosensor channels in cds mutants (Hardie, R.
C. et al., 2002). In common with other mutants in the
PI recycling pathway, cds mutants also undergo a
light-dependent degeneration, which is rescued by
the norpA (PLC) mutation PLC (Wu, L. et al., 1995).

p0455 The next step in the PI cycle is the condensation
of inositol and CDP–DAG to form phosphatidylino-
sitol (PI) via the enzyme PI synthase. Drosophila

contains only one PI synthase gene, and interestingly,
its transcript levels are significantly reduced in the
rdgA mutant and almost eliminated when LPP (laza)
is overexpressed on the rdgA background (Garcia-
Murillas, I. et al., 2006). This suggests that PA,
which is also severely reduced in these genetic back-
grounds, may be a transcriptional regulator of this
gene.

s0235 6.63.7.2 RDGB and PI Kinases

p0460 The reactions catalyzed by CDP–DAG synthase and
PI synthase are presumed to take place in an ER
compartment, probably the SMC. PI is then believed
to be returned to the microvillar membrane by a PI
transfer protein (PITP) encoded by the rdgB gene
(Vihtelic, T. S. et al., 1991; 1993), originally isolated
as another light-dependent retinal degeneration
mutant. Unlike previously characterized PITPs,
which are soluble �35 kDa proteins, RDGB protein
is a 161-kDa integral membrane protein. However its
N-terminal has �40% identity with the soluble
PITP proteins, and in the meantime, mammalian
homologues of Drosophila rdgB have been discovered,
defining a new class (Class II) of mammalian PITP
proteins with similar topology (reviewed in
Cockcroft, S., 2001).

p0465 Experiments with PIP2 biosensors confirmed that
PIP2 recycling is effectively blocked in rdgB mutants
(Hardie, R. C. et al., 2001); however, there are indica-
tions that RDGB may have additional roles in the
photoreceptors. For example, a point mutation in the
PI transfer domain (T59E) restored PI transfer

capability in an in vitro assay, but still resulted in a
dominant retinal degeneration phenotype, and in
reduced levels of rhodopsin (Milligan, S. C. et al.,
1997). More generally, there is considerable evidence
that mammalian rdgB homologues play multiple roles
in membrane trafficking, including vesicle biogenesis
and regulated exocytosis (Cockcroft, S., 2001; Allen-
Baume, V. et al., 2002).

p0470Finally, PI must be sequentially phosphorylated
by PI kinase and PIP kinase. There are several such
kinases in the Drosophila genome, but which of them
are involved in photoreceptors has yet to be unequi-
vocally determined. The conventional route for PIP2

synthesis would include phosphorylation of PI to
PI(4)P by PI-4 kinase, followed by phosphorylation
by a type I PIP kinase to PI(4,5) P2. There are two
type I PIP kinases in Drosophila, and one of these
(skittles) has recently been implicated in the photo-
receptors since skittles mutations were reported to
enhance degeneration in rdgA (Garcia-Murillas, I.
et al., 2006).

s02406.63.8 Molecular Strategies of
Quantum Bump Generation and
Adaptation

p0475As emphasized in the introduction, not only can
Drosophila and other arthropod photoreceptors reli-
ably detect single quanta of light with extremely fast
response kinetics, but also they are able to light adapt
over the full range of daylight light intensities.
Although we do not yet fully understand the
mechanism of channel activation and the precise
mechanisms of Ca2þ-dependent regulation, our cur-
rent knowledge of the transduction cascade allows us
to draw some general conclusions about the strategies
involved achieving in this performance. At any one
adaptational state the voltage-clamped macroscopic
flash response is remarkably linear, simply represent-
ing the summation of the underlying quantum bumps
(Figure 2, Henderson, S. R. et al., 2000). The bumps
themselves, however, are extremely nonlinear events
with many of the characteristics of an action poten-
tial, including a threshold, positive and negative
feedback and a refractory period. A key to under-
standing how these bumps are generated, and
continue to be generated during light adaptation, is
the extreme compartmentalization provided by the
microvilli and possibly the ultrastructural organiza-
tion of the INAD complex.
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s0245 6.63.8.1 Compartmentalization and Local
Signaling

p0480 The suggestion, that the signal transduction machin-
ery driving single-photon responses is largely
restricted to a single microvillus, dates back to obser-
vations that response saturation occurs at light levels
equivalent to each microvillus absorbing just a single
photon (Howard, J. et al., 1987; Hochstrate, P. and
Hamdorf, K., 1990). This is supported by the close
congruence of the number of channels activated dur-
ing a bump (�15) with biochemical estimates of the
number (25) of TRP tetramers in a microvillus
(Huber, A. et al., 1996a). The restriction of activation
to a single microvillus is also consistent with the
relatively slow lateral diffusion expected in a mem-
brane-delimited cascade, which is likely to prevent

significant diffusion beyond the boundary of one

microvillus during the relatively short latent period

of the bump (Figure 21).
p0485Each of the �30–50 000 microvilli represents a

tiny volume, �1–2 mM in length and about 60 nm in

diameter. The lumen of the microvillus is connected

to the massive cell body via a narrow neck (Figure 1)

allowing diffusional exchange of Ca2þ. The mem-

brane of a single microvillus is densely packed with

about 1000 rhodopsins, and contains only a limited

number of the signal transduction components: esti-

mated at about 50 G proteins,�100 PLCs,�25 TRP,

and �2 TRPL channels (Figure 21, Huber, A. et al.,

1996a). In Drosophila it is likely that only the G

proteins and lipids are freely diffusible. In contrast,

PLC and TRP channels are part of the INAD
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f0105 Figure 21 Stochastic modeling of the cascade. (a) Stochastic simulation (random walk encounter) of the membrane

surface of a single microvillus, 75 ms after the absorption of a single photon. In the 75 ms since absorption of a single photon,

the active metarhodopsin (red) has activated 10 G proteins, eight of which have encountered and activated a PLC (yellow),
and two of which (green) are still freely diffusing in the membrane. Two PLCs have also already deactivated due to the PLC-

activated GTPase activity of Gq�. (b) Time course of the numbers of activated G proteins and PLC as a function of time after

photon absorption. (c) Estimated levels of PIP2 and DAG over the surface of the microvillus generated after 75 ms by the
activated PLC molecules. The simulation has used best estimates of the numbers of G proteins (50) and PLC (100) in the

microvillus and typical values for diffusion coefficients of G proteins and membrane lipids from the literature. Note that, whilst

finite levels of DAG have already reached �70% of the surface area of the microvillus, no significant diffusion beyond the

microvillar boundaries has occurred by this time (Postma, M. and Hardie, R. C., unpublished). According to the model of
positive feedback suggested in Molecular Strategies of Quantum Bump Generation and Adaptation, once the first TRP

channel opens (with relatively high DAG threshold), Ca2þ influx floods the microvillus within�5 ms and facilitates activation of

the remaining TRP channels to what were previously subthreshold levels of DAG (or derivative).
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signaling complex (Figure 6, Scaffolding Protein
INAD), which itself may be tethered to the cytoske-
leton rendering it effectively immobile. Furthermore,
by analogy to other arthropods (Goldsmith, T. H. and
Wehner, R., 1977), it seems likely that rhodopsin
itself is immobile on the timescale of transduction.
Therefore G proteins are likely to act as diffusible
shuttles that transduce the signal from the active M
to the PLCs (Bahner, M. et al., 2000). Importantly, a
single rhodopsin can sequentially activate several G
proteins, thereby amplifying the signal. The approxi-
mately fivefold reduction in bump amplitude in
hypomorphic G�q mutants (Figure 12), where there
is on average less than one G protein per microvillus,
suggests that there may be five or so G proteins
activated per rhodopsin, with an estimated minimal
activation rate of 100–200 G proteins per second.
After some delay, and at some distance from the
activated rhodopsin, PLC molecules will be activated
by Gq� subunits, and will start producing DAG,
amplifying the signal further. DAG (or its derivative)
will spread along the length of the microvillus and
ultimately activate �15 TRP channels (Figure 21).

s0250 6.63.8.2 Fast NonLinear Response Kinetics

p0490 The high Ca2þ permeability of the TRP channels
and the restricted luminal volume of the microvillus
results in Ca2þ rising as high as 1 mM throughout the
microvillus during a single-photon response (see
Ca2þ Transients in the Rhabdomeres, Figure 19,
Postma, M. et al., 1999; Oberwinkler, J. and
Stavenga, D. G., 2000). This overwhelming Ca2þ

rise is accompanied first by rapid facilitation, closely
followed by complete inactivation of the current.
Both the positive and negative feedback dominantly
shape the waveform of the quantum bump
(Figure 18).

p0495 The mechanism of facilitation is not known, but it
is lacking in the trp mutant and therefore only
appears to affect TRP channels. A plausible specula-
tion is that it represents a Ca2þ-dependent shift in
the affinity of the TRP channel for the active ligand,
dramatically increasing its sensitivity, analogous per-
haps to the shift in affinity to cGMP of the vertebrate
CNG channels (Hsu, Y. T. and Molday, R. S., 1993).
On this model, once the first channel opens, Ca2þ

will flood the microvillus, thus further activating the
TRP channels, which had been exposed to what were
previously only subthreshold concentrations of the
excitatory lipid messenger (e.g., DAG). Another

possibility is the facilitation of PLC by Ca2þ

(Running Deer, J. L. et al., 1995; Hardie, R. C., 2005).
p0500Most of the components of the phototransduction

cascade appear to be subject to Ca2þ-dependent
inactivation (Ca2þ-Dependent Negative Feedback,
Table 3). Firstly, Ca2þ-dependent inactivation of
the light-sensitive channels TRP and TRPL, either
directly, or via CaM (Section 6.3) AU5, terminates the LIC
(Hardie, R. C. and Minke, B., 1994a; Gu, Y. et al.,
2005). Secondly, the Ca2þ- and PKC-dependent
inhibition of PLC is crucial to prevent further pro-
duction of DAG and depletion of PIP2 (Hardie, R. C.
et al., 2001; Gu, Y. et al., 2005). Finally, recent studies
strongly suggest that inactivation of Drosophila metar-
hodopsin by Arr2 is also dependent on Ca2þ influx
(Hardie, R. C. et al., in preparation-a). The require-
ment of Ca2þ influx for PLC and metarhodopsin
inactivation has an elegant logic in that the upstream
signals will only be terminated after the channels
have been activated.

p0505In summary, the key to fast response kinetics is a
combination of the autocatalytic positive feedback
loop caused by TRP channels leading to a massive
Ca2þ influx in the restricted luminal volume of the
microvillus, which then rapidly inactivates the cas-
cade. Within 10–20 ms of the first channel opening,
the single-photon response peaks and is then termi-
nated with a time constant of about 8 ms. This
contrasts with responses measured without Ca2þ

influx, which peak at about 200 ms and have a
decay time constant of about 200 ms with a �10-
fold reduction in quantum bump amplitude
(Figure 18, Henderson, S. R. et al., 2000). In addition,
two further important concepts need to be consid-
ered, namely quantum bump latency and the
refractory period.

s02556.63.8.3 Quantum Bump Latency

p0510After successful photon absorption, there is a finite
delay before the response becomes apparent (e.g.,
Figure 2). This bump latency, with an average of
�45 ms, represents the time needed to open the
first channel after photon absorption. Unlike verte-
brate rods, which have rather invariant latencies, the
bump latency in Drosophila is highly variable (20–
100 ms), signifying on the one hand the stochastic
nature of the phototransduction cascade, and on the
other an effective threshold (and/or high cooperativ-
ity) for channel activation.

p0515The stochastic variability in latency presumably
originates from the low number of G proteins and
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PLC molecules activated during the latent period of
the quantum bump. Indeed, stochastic modeling of
the cascade, based on realistic diffusion coefficients
for G protein and lipids can accurately model the
latency and its variability (Postma, M. and Hardie, R.
C. unpublished, Figure 21). Modeling also indicates
that the latency should allow sufficient time for finite
quantities of a putative lipid messenger of excitation
to spread by lateral diffusion throughout most of the
microvillus. This may help to ensure that the major-
ity of the TRP channels in the microvillus are
activated by the Ca2þ-dependent positive feedback
once the first channel has opened.

p0520 As well as contributing to a large gain, such a
locally saturated all-or-none response could also pro-
vide an excellent mechanism for ensuring
reproducibility of the single-photon response, which
over the cell has a coefficient of variance of �0.4
(Henderson, S. R. et al., 2000). The variability in
even this relatively tight distribution may result
from variability between microvilli, because single
bumps repeatedly activated in the same microvillus
are even more reproducible in amplitude (Scott, K.
and Zuker, C. S., 1998). This performance may be
achieved however, as a trade-off against the speed of
the response, since the latency distribution is some-
what slower and broader than the quantum bump
waveform, and hence represents a major constraint
on the macroscopic response kinetics (Figure 2).

s0260 6.63.8.4 Refractory Period

p0525 Another potentially important consequence of the
microvillar design is that the massive Ca2þ influx
renders the microvillus inactive for a refractory per-
iod of about 100 ms. Only when the Ca2þ is cleared
from the microvillus and the inactivation is removed
will it be responsive again. Clearance of Ca2þ is
predicted to occur very quickly (<100 ms) by a com-
bination of diffusion into the cell body and the Naþ/
Ca2þ exchanger, which acts very powerfully on the
microvillus because of the high surface area-to-
volume ratio.

p0530 An indication of this refractory period is provided
by at least two lines of evidence. Firstly, when a
carefully calibrated flash is delivered, just sufficient
to activate every microvillus, then a second flash
delivered immediately afterward is completely inef-
fective. However, when delivered after �80 ms it can
generate an additional response (Hochstrate, P. and
Hamdorf, K., 1990). Secondly, in certain mutants
(e.g., arr2 and cam), activated metarhodopsin fails to

inactivate. In vertebrates, such mutants generate
long-lasting quantum bumps that fail to terminate
normally (Chen, J. et al., 1995). However, in
Drosophila arr2 or cam mutants, single photons elicit
a train of quantum bumps separated by an interbump
interval of �100 ms (e.g., Figure 10), but each quan-
tum bump in the train terminates normally and is
essentially indistinguishable from a WT bump (Scott,
K. et al., 1997). The interbump interval in such trains
can thus be thought of as representing the refractory
period during which activated rhodopsin can gener-
ate no response, but once this is over a second
quantum bump can be generated again.

p0535In a more conventional cascade such as in verte-
brate rods, it is important that each and every stage of
the transduction cascade is terminated rapidly, with
the slowest step limiting the overall kinetics (see Yau,
K-W., this volume). However, a strictly localized
refractory period can in principle mask the effect of
any moderately slow termination reactions, as long as
they are completed within the refractory period. This
means that the off-response kinetics at the level of the
electrophysiological response can be determined by
very fast Ca2þ-dependent channel inactivation (time
constant of <10 ms), whilst other steps such as metar-
hodopsin–arrestin binding, GTPase activity of the G
protein and PIP2 resynthesis could in principle afford
to proceed more slowly, e.g., 50–100 ms. Such a strat-
egy could also reduce transducer noise associated
with slower termination steps, which may be slow
because of biophysical constraints, e.g., slow binding
or enzymatic reactions.

s02656.63.8.5 Adaptation

p0540The microvillar design is also central to light adapta-
tion, and in particular the ability of invertebrate
photoreceptors to respond over the entire range of
environmental intensities. With a refractory period of
100 ms (and probably less when light adapted), each
individual microvillus should be able to generate
quantum bumps at a rate of �10 s�1. With �45 000
microvilli in Drosophila, and more in the larger flies,
this should allow the photoreceptors to process photon
absorptions approaching 106 s�1 – precisely the sorts
of levels experienced under bright daylight conditions.
This alone is not enough however, and to sustain such
large photon fluxes without saturation, the light
response needs to adapt by reducing gain. As in vir-
tually all photoreceptors, this is achieved in the first
instance by negative feedback regulation mediated
primarily by Ca2þ, resulting in a progressive shifting
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of the intensity-response function curve, optimizing
the dynamic range around the prevailing background
light intensity. Early shot noise analysis in the 1970s
and 1980s indicated that discrete quantum bumps
continue to underlie the macroscopic response even
under bright backgrounds, but that their amplitude
and duration progressively decrease, giving rise to
the adapting bump model of light adaptation, which
still holds today (Wu, C. F. and Pak, W. L., 1978;
Wong, F. et al., 1980).

p0545 As discussed earlier (Ca2þ Signals), the microvil-
lar design results in a distinction between

(1) global steady-state Ca2þ levels, (�150 nm in the
dark to maximally �10 mM in the light), that are
reached throughout the cell, including the unsti-
mulated microvilli, and

(2) the rapid microvillar transients, associated with
each and every quantum bump that are maxi-
mally�1 mM during the DA quantum bump, but
only �50–100 mM during the greatly attenuated
LA quantum bumps (Figure 19).

p0550 In Drosophila, although Ca2þ-dependent feedback is
found at virtually all stages of the cascade, our recent
studies (see Ca2þ-Dependent Negative Feedback) sug-
gest that the dominant mechanism for gain reduction
during steady-state adaptation is the Ca2þ-dependent
inhibition of the TRP (and TRPL) channels, which are
inhibited with an IC50 of �1mM over a range that
closely maps onto the global steady-state range of
Ca2þ levels experienced during light adaptation
(Figure 19). Although the mechanism is not fully
understood, these relatively low concentrations of
Ca2þ reduce the gain and shorten the duration of the
quantum bump sufficiently to account for the major
features of light adaptation, including the parallel shift
of the response intensity function. By contrast,
upstream activity of PLC appears not to be affected
by these relatively low global Ca2þ levels, but impor-
tantly, it is inhibited over the range experienced during
the rapid Ca2þ transients (Figure 19, Gu, Y. et al., 2005).

p0555 This bipartite strategy (Ca2þ-dependent inhibi-
tion of channels by low global Ca2þ levels, and
inhibition of upstream components such as PLC
and M by rapid transients) can be seen as an effective
solution for light adaptation, allowing for rapid
response kinetics without exhausting the finite sup-
ply of PIP2 required for phototransduction. Bump
latency is a major determinant of response kinetics,
and is itself critically dependent upon PIP2 hydro-
lysis to generate sufficient lipid messenger to
overcome threshold for channel activation. Hence it

is presumably important to maintain high PLC activ-
ity during light adaptation so as not to compromise
latency. However, as shown by measurements with
Kir2.1 PIP2 biosensors (Figures 14, 20), the rate of
light-induced PLC activity in the microvilli is so
high that it is sufficient to deplete the entire micro-
villus of PIP2 in less than 1 s. The solution therefore
is to rapidly terminate PLC activity by Ca2þ influx,
but only after the bump has been initiated. The
collapse of the light response due to exhaustion of
PIP2 in the trp mutant, or in Ca2þ-free bath, shows
the disastrous consequences when this Ca2þ- (and
PKC)-dependent inhibition fails (Figure 20).

p0560Whilst accounting for many of the major features
of light adaptation, this overview of adaptation is
clearly an oversimplification. The overall output of
the cell during adaptation is also influenced by many
other factors, working on a variety of timescales. In
particular, the description above has considered only
the voltage-clamped LIC. In the physiologically rele-
vant voltage domain, gain and kinetics will be further
moderated by the passive and active (mainly voltage-
dependent Kþ channels) properties of the membrane
(Potassium Channels); by the voltage-dependent
Mg2þ block of the TRP channels, which reduces
the effective single-channel conductance at depolar-
ized membrane potentials (Channel Properties) and
by synaptic feedback from higher-order interneurons
(Zheng, L. et al., 2006). As described in Photoreceptor
and Retinal Morphology every photoreceptor
also has an autonomous pupil mechanism, whereby
tiny pigment granules migrating toward the rhabdo-
mere can reduce the effective light flux by up to two
orders of magnitude. Photoreceptors in white-eyed
mutants lacking this pupil saturate under bright
illumination, indicating that this is an essential
mechanism to avoid saturation under the brightest
daylight intensities (Howard, J. et al., 1987). Finally
translocation of transduction components like G pro-
teins (Gq Translocation), TRPL channels
(TRPL Translocation), and arrestin (Arrestin
Translocation), can fine-tune the gain and sensitivity
during long-term adaptation.

s02706.63.9 Phototransduction
Mechanisms in Other Invertebrates

s02756.63.9.1 Other Arthropods

p0565It seems likely that all arthropod photoreceptors
respond to light using a Gq-/PLC-based cascade
resulting in a membrane depolarization. However,
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detailed information is restricted to relatively few
preparations (notably Limulus, honeybee, crayfish,
barnacle, and locust). Before the advent of molecular
approaches, Limulus had been most extensively stu-
died, and was the preferred preparation because of
the large photoreceptors in the ventral eye, which
allow stable intracellular recordings, and simulta-
neous impalement with several electrodes.

s0280 6.63.9.1.1 Limulus

p0570 In Limulus ventral photoreceptors, the role of InsP3 as a
messenger of excitation is well established. Injections
of InsP3 and Ca2þ itself both mimic the response to
light (Brown, J. et al., 1984; Fein, A. et al., 1984; Bolsover,
S. and Brown, J., 1985; Payne, R. et al., 1986) and it is
clear that InsP3 activates InsP3 receptors on the SMC,
resulting in release of Ca2þ from intracellular stores
which can raise free cytosolic Ca2þ to �150mM
(Payne, R. et al., 1986; Ukhanov, K. and Payne, R.,
1995; Nasi, E. et al., 2000). Despite compelling evidence
for InsP3 and Ca2þ as messengers of excitation in
Limulus, the only substance that has been found to
activate channels in excised patches from the micro-
villar membrane is cGMP (Bacigalupo, J. et al., 1991).
This has led to the proposal that generation of cGMP
by a Ca2þ-dependent guanylate cyclase represents the
final enzymatic component of the transduction cascade
(Shin, J. et al., 1993). Although there is no direct bio-
chemical or molecular evidence for the presence of
this enzyme, inhibitors of particulate guanylate cyclase
severely attenuate the response to light (Garger, A.
et al., 2001), and a cGMP-gated ion channel has also
recently been cloned from Limulus, which immunolo-
calizes to the microvillar membrane (Chen, F. H. et al.,
2001).

p0575 It has been suggested that this sequence of events
accounts for the entire light response (Shin, J. et al.,
1993); however, a number of studies have reported
that there may be three distinct classes of light-sen-
sitive channels in Limulus (reviewed in: Nagy, K.,
1991; Dorlochter, M. and Stieve, H., 1997; Nasi, E.
et al., 2000). These may correspond to three kinetic
components of the light response that can be revealed
by their differential recovery from light adaptation
and distinct pharmacologies (Deckert, A. et al., 1992;
Nagy, K. et al., 1993; Contzen, K. and Nagy, K., 1995;
Nagy, K. and Contzen, K., 1997). This led to the
suggestion that there may be parallel pathways invol-
ving three distinct G proteins, one operating via PLC
and InsP3, one via a guanylate cyclase, and one via
adenylate cyclase (Dorlochter, M. and Stieve, H.,
1997).

p0580In an intriguing recent development, a Limulus trp

homologue was cloned and found to be expressed in
the ventral photoreceptors. Furthermore, the same
authors found that a DAG analogue injected into
the photoreceptors activate an inward current
synergistically with Ca2þ, with electrical character-
istics similar to the light-activated current
(Bandyopadhyay, B. C. and Payne, R., 2004). This
raises the possibility that at least one component of
phototransduction in Limulus may be similar to
Drosophila; i.e., a DAG-activated TRP channel.
Limulus differs from Drosophila in that the light-
induced current is essentially impermeable to Ca2þ,
and therefore, the Ca2þ-dependent facilitation is
provide by InsP3-induced Ca2þ release, instead of
Ca2þ influx as is the case in Drosophila (reviewed in
Nasi, E. et al., 2000).

p0585Interestingly, quantum bumps in Limulus share
many common features with those in Drosophila,
including variable latency, low first stage (R-G)
gain (Kirkwood, A. et al., 1989), threshold, and posi-
tive and negative feedback by Ca2þ. However, there
are also significant differences; firstly, the bump is
mediated by several thousand channels spread over
dozens of microvilli resulting in quantum bumps up
to 4 nA in amplitude; secondly the Ca2þ originates
primarily from Ca2þ release rather than influx. We
can thus imagine that in Limulus the InsP3 generated,
initially in one microvillus, diffuses to the base of the
microvillus where it releases Ca2þ from InsP3-sensi-
tive stores with sequential positive and negative
feedback, probably being mediated by the bell-
shaped Ca2þ sensitivity of the InsP3R (Payne, R.
et al., 1990). This results in a large, rapid, and rela-
tively localized Ca2þ release signal, which can
activate (possibly via GC) or facilitate ion channels
over microvilli up to �2 mM distant from the release
site.

s02856.63.9.1.2 Bee and crayfish

p0590Bee photoreceptors have conspicuous and extensive
SMC, which have functional InsP3 receptors and also
ryanodine receptors, which have been characterized
in elegant studies using a permeabilized slice pre-
paration (Baumann, O. and Walz, B., 1989; Walz, B.
et al., 1995). Whilst InsP3-induced Ca2þ release
almost certainly plays an important role in the bee,
it is unknown whether the released Ca2þ is required
for excitation or plays only roles in facilitation and
adaptation, similar to the roles of Ca2þ influx in
Drosophila. The large rhabdomeres in crayfish have
been exploited for spectroscopic and biochemical
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measurements, but whilst it is clear that they have a
Gq protein and PLC (Terakita, A. et al., 1993) there is
little data on downstream pathways. Intriguingly
though, a recent report has detected PUFA produc-
tion in crayfish eyes following long exposure to light,
putatively via phospholipase A2 (Kashiwagi, T. et al.,
2000), which would release PUFAs from phosphati-
dylcholine. Apart from the evidence from Limulus

there is very little evidence to suggest that cGMP
plays a role in excitation in other arthropods.

s0290 6.63.9.2 Mollusks

p0595 Some of the most detailed biochemical characteriza-
tions of phototransduction in any microvillar
photoreceptors have been performed in cephalopods
such as the squid. Their large eyes, combined with a
distinctive photoreceptor ultrastructure, whereby the
microvillar membrane is separated from the rest of
the cell, allows the isolation of large amounts of
photoreceptive membrane in similar quantities to
that available from mammalian preparations. Hence
it was possible for example to extract and character-
ize squid rhodopsin some 50 years ago (Hubbard, R.
and St. George, R. C. C., 1958). More recently, sev-
eral groups have exploited this material to purify,
characterize, and eventually clone and sequence sev-
eral components of the cascade, including rhodopsin,
Gq and PLC�, along with a TRP homologue (Monk,
P. D. et al., 1996; Lott, J. S. et al., 1999), which is likely
to represent a light-sensitive channel. Quantitative
biochemical experiments have demonstrated light-
activated PLC activity (Szuts, E. Z., 1993); however,
there is little or no indication as to whether InsP3 or
DAG (or indeed PIP2) is the active messenger of
excitation. The status and role of Ca2þ stores is also
not clear, although (Walrond, J. P. and Szuts, E. Z.,
1992) reported a system of submicrovillar tubules,
which they suggested might be the equivalent of the
SMC and function as Ca2þ stores.

p0600 Unfortunately, cephalopod photoreceptors have
proved a difficult preparation for electrophysiology
(but see Nasi, E. and Gomez, M. d. P., 1992) and the
most detailed physiological studies of transduction in
mollusks come from the scallops, Pecten and Lima.
Remarkably, these bivalve mollusks have two distinct
retinae with different types of photoreceptor: the
proximal retina contains depolarizing microvillar
photoreceptors, whilst the distal retina contains cili-
ary photoreceptors, which hyperpolarize. In keeping
with the proposal that ciliary photoreceptors use
cyclic nucleotide signaling pathways, the light-

sensitive channels in ciliary photoreceptors of the
distal retina are cGMP-gated Kþ channels, and are
probably activated by a cascade involving a Go sub-
class of G protein and guanylate cyclase (Gomez, M.
d. P. and Nasi, E., 1995; 2000). Uniquely amongst
known photoreceptors, adaptation in these cells
appears to be independent of Ca2þ, with sensitivity
and kinetics of response completely unaffected by
intracellular perfusion of 10-mM BAPTA (Gomez,
M. d. P. and Nasi, E., 1997).

p0605As in other microvillar photoreceptors, phototrans-
duction in the proximal photoreceptors of Lima and
Pecten is mediated by a PLC-based pathway, but once
again the final mechanism of excitation is unclear
(Nasi, E. et al., 2000). There is clear evidence for
light-induced release of Ca2þ from internal stores –
presumably via InsP3 – and InsP3 injections have been
reported to activate inward currents (Gomez, M. d. P.
and Nasi, E., 1998). Since the light-sensitive channels
(of which there are at least two classes) have only very
limited permeability to Ca2þ (Gomez, M. d. P. and
Nasi, E., 1996), the InsP3 induced Ca2þ release is
probably the major source of Ca2þ – whether it be
for excitation, facilitation, or adaptation. In addition,
DAG surrogates (phorbol esters), possibly acting via
PKC, have also been reported to activate the light-
sensitive channels (Gomez, M. d. P. and Nasi, E.,
1998), whilst the most recent evidence has also sug-
gested a direct role for PIP2 depletion (Nasi, E. et al.,
2000; del Pilar Gomez, M. and Nasi, E., 2005).

s02956.63.9.3 Annelids

p0610Leech photoreceptors, have a highly developed and
extensive system of SMC, which have been shown to
represent InsP3-sensitive Ca2þ stores (Ukhanov, K.
et al., 2001). The photoreceptors have an unusual
structure in which the microvilli enclose a large
extracellular vacuole. This has been exploited by
the development of a unique preparation of an
inside-out cell, whereby the plasma membrane (but
not the microvilli) is permeabilized, allowing unhin-
dered intracellular perfusion of pharmacological
agents, whilst an electrode can be inserted into the
central vacuole to record conductance changes in the
microvillar membrane. Using this preparation, it has
been shown that Ca2þ can activate a depolarizing
conductance with an EC50 of �1 mM. Agents that
block InsP3-induced Ca2þ release (such as heparin)
block the plateau response to light, although a tran-
sient component appears relatively resistant to such
agents (Walz, B. et al., 2003).
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s0300 6.63.10 Conclusion

p0615 Both vertebrate and invertebrate photoreceptors

have been excellent models for our understanding

of G protein-coupled signaling. The bovine ROS

preparation, in particular, was instrumental in the

molecular identification of most of the key compo-

nents of G protein-coupled signaling (see Yau, K-W.,

this volume). Drosophila has been particularly impor-

tant as a genetic model for PLC-based signaling,

arguably the most widespread of the G protein-

coupled signaling cascades. The discovery of the

TRP ion channel family was undoubtedly the most

influential example of a novel signaling molecule

discovered in this system, though others such as the

RDGB family of PI transfer proteins and the INAD

scaffolding molecule also deserve mention. More

than any other signal transduction cascade, photo-

transduction also lends itself to the most rigorous

quantitative analysis, exemplified by the ability to

analyze the responses to single photons. As such,

the present detailed quantitative understanding of

the molecular events underlying the photoresponse

is unparalleled in other cellular signaling cascades.
p0620 Phototransduction in flies is often cited as the

fastest known G protein-coupled signaling cascade,

and in the light-adapted state, some of the more

rapidly flying Diptera can follow flickering stimuli

at up to 300 Hz with 3-dB cutoffs greater than 100 Hz

(Weckström, M. et al., 1991). Remarkably, the same

photoreceptors that sustain this performance under

bright sunlight can still respond sensitively and

rapidly to single photons in the dark. This is in

marked contrast to vertebrates, which deploy two

classes of photoreceptors to cover this range. Over

30 years of investigation, particularly in Drosophila,

have now provided many of the answers as to how

this performance is achieved. The key appears to be

the extreme compartmentalization provided by the

microvilli and possibly the INAD signaling complex.

This minimizes diffusional delays, whilst allowing

extremely rapid and highly localized Ca2þ transients,

which accelerate the kinetics by sequential positive

and negative feedback. There are nevertheless still

important unanswered questions, the most pressing

of which perhaps, are the exact mechanism of gating

of the TRP channel, and how the dramatic facilita-

tion by Ca2þ is achieved.
p0625 Although dipteran photoreceptors appear to out-

perform their vertebrate counterparts, their strategy

is not without costs. The main metabolic demand on

any neuron is reestablishing the ionic gradients,
which are required for electrical signaling and dis-
sipated by every channel opening. The maximum
potential LIC in Drosophila is probably in excess of
100 nA, and although this is never realized due to
Ca2þ-dependent inhibition, peak responses of many
tens of nanoamperes can be measured, and the
steady-state voltage-clamped current during main-
tained illumination is �500 pA. This contrasts with
currents in vertebrate rods and cones, which are
maximally only �20–50 pA in the dark, and only
progressively reduce during light.

p0630Finally, although not comprehensively covered in
this chapter, it has long been apparent that mutations
in virtually any component of the cascade in
Drosophila can result in retinal degeneration. In
many, though by no means all cases, disturbances in
Ca2þ homeostasis appear to be the underlying cause.
Despite their distant evolutionary histories, the
equivalent mutations in vertebrates also often result
in hereditary retinal disease, or degenerative diseases
in other systems. It is even possible to mimic a variety
of human neurodegenerative diseases in the
Drosophila eye, including Huntington’s and
Parkinson’s disease by overexpressing the relevant
mutant protein. Not only has the molecular genetic
potential of Drosophila been decisive in enabling the
analysis of the phototransduction cascade, but also
similar strategies, such as genome saturating muta-
genesis, can be applied to pursue the underlying
molecular etiology of some of these devastating dis-
eases (Bonini, N. M. and Fortini, M. E., 2003; Michno,
K. et al., 2005; Sang, T. K. and Jackson, G. R., 2005).
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Abstract
Invertebrate microvillar photoreceptors depolarize in response to light by opening nonselective cation
channels. Often the same cells can respond sensitively and rapidly to single photons, and yet light adapt
to encode fluctuations of intensity under full sunlight. The underlying molecular mechanisms have been
most extensively studied in the fruitfly Drosophila. Incident light is absorbed in the rhabdomere, a 1- to 2-mm
diameter, 100-mm-long waveguide composed of �40 000 tightly packed microvilli, which contain the visual
pigment rhodopsin and all the major components of the cascade. The extreme compartmentalization
provided by this microvillar design is key to understanding the combination of sensitivity, rapid kinetics,
and large dynamic range. Excitation is mediated by activation of Gq protein and phospholipase C (PLC)
resulting in activation of two classes of Ca2þ-permeable channel. These are encoded by the transient
receptor potential (trp) and trp-like (trpl) genes, the founding members of the large and diverse TRP
(light-activated nonspecific cation channel encoded by trp gene) superfamily of nonvoltage-gated cation
channels. Several components of the cascade, including TRP, PLC, and protein kinase C (PKC) are
assembled into a multimolecular signaling complex by the scaffolding protein INAD. Recent evidence
suggests that the primary activator of the channels is likely to be a lipid messenger derived from the
hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) by PLC. Candidates include diacylglycerol
(DAG), polyunsaturated acids (PUFAs), or the reduction in PIP2. Ca2þ influx via TRP channels is essential
for rapid kinetics, amplification, and light adaptation, and mediates both positive and negative feedback via
multiple downstream targets, including calmodulin (CaM), both TRP and TRPL (light-activated nonspecific
cation channel encoded by trpl gene) channels, PKC, and PLC. Ca2þ influx is also required for proper
functioning of the visual pigment cycle, which involves CaMKII-dependent phosphorylation of arrestin and
Ca2þ CaM-dependent dephosphorylation of rhodopsin.
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