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Ectopic expression of cone-specific G-protein-coupled
receptor kinase GRK7 in zebrafish rods leads to lower
photosensitivity and altered responses
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Non-technical summary When rod and cone photoreceptors in the eye respond to light, they
need to recover, and the first step in recovery involves a protein called G-protein receptor kinase
(GRK). Rods, which underlie night vision, employ a variant called GRK1, whereas cones, which
mediate day vision, typically employ a variant called GRK7. We have engineered rod cells in the
zebrafish retina that additionally express the cone variant, GRK7. By recording electrically from
these modified rods, we have found that they are less sensitive to light than normal rods, in that
regard mimicking cones. We have also found evidence to suggest that the size of the cell’s response
to a single photon (the smallest particle of light) is normal when recovery is mediated by GRK1,
but is small (and hence somewhat cone-like) when mediated by GRK7. These results help us
understand the differences between rod and cone photoreceptors.

Abstract To investigate the roles of G-protein receptor kinases (GRKs) in the light responses
of vertebrate photoreceptors, we generated transgenic zebrafish lines, the rods of which express
either cone GRK (GRK7) or rod GRK (GRK1) in addition to the endogenous GRK1, and we then
measured the electrophysiological characteristics of single-cell responses and the behavioural
responses of intact animals. Our study establishes the zebrafish expression system as a convenient
platform for the investigation of specific components of the phototransduction cascade. The
addition of GRK1 led to minor changes in rod responses. However, exogenous GRK7 in GRK7-tg
animals led to lowered rod sensitivity, as occurs in cones, but surprisingly to slower response
kinetics. Examination of responses to long series of very dim flashes suggested the possibility
that the GRK7-tg rods generated two classes of single-photon response, perhaps corresponding
to the interaction of activated rhodopsin with GRK1 (giving a standard response) or with GRK?7
(giving a very small response). Behavioural measurement of optokinetic responses (OKR) in
intact GRK7-tg zebrafish larvae showed that the overall rod visual pathway was less sensitive, in
accord with the lowered sensitivity of the rods. These results help provide an understanding for
the molecular basis of the electrophysiological differences between cones and rods.
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Introduction

The rod and cone photoreceptors of the vertebrate retina
exhibit many similarities but also key differences. Cones
have fast response kinetics and they function over an
enormous range of light intensities, from twilight levels
upwards; importantly, cones can avoid saturation no
matter how bright the intensity of steady illumination
becomes. Rods, on the other hand, are specialized for
operation at extremely low levels of illumination, and can
reliably detect individual photons of light. Their responses
are slower, and their flash sensitivity about an order of
magnitude higher, than for cones.

Apart from topological differences in outer segment
membrane organization, cones and rods exhibit
qualitative and quantitative differences in the proteins
of phototransduction. The overall cascade of reactions
is closely similar, but some proteins are expressed as
distinct isoforms between cones and rods, e.g. transducin
a-subunit as Gt2¢ in cones but Gtle in rods (Hurley, 1992;
Hisatomi & Tokunaga, 2002; Fu & Yau, 2007; Kawamura
& Tachibanaki, 2008). In addition, substantial differences
between cones and rods exist in the expression levels of
some of the proteins. Accordingly, it is possible that many
of the differences in physiological response properties arise
from differences in the activities and/or expression levels
of the transduction proteins.

In this study, we have examined the role of retinal
G-protein-coupled receptor kinases (GRKSs) in rods of the
zebrafish (Danio rerio), a species that has a relatively high
proportion of cones. GRKs phosphorylate the activated
G-protein-coupled receptor (GPCR) near its C-terminus,
enabling the capping protein arrestin to bind and thereby
shut-off the activity of the activated GPCR (Maeda et al.
2003). GRK1, or rhodopsin kinase, is the GRK isoform
expressed in all rods. The GRK isoform expressed in cones
differs amongst vertebrate species; cones in some species
express GRK1 at a higher level than in rods (Zhao et al.
1998), whereas cones in many other species including
teleosts express GRK7 (Hisatomi et al. 1998). In fact,
knockdown of GRK7-1 in larval zebrafish impairs cone
response recovery (Rinner et al. 2005), suggesting an
essential role for GRK?7 in cones.

Our recent studies (Tachibanaki et al. 2001, 2005; Wada
et al. 2006) have examined GRKs and phosphorylation
in teleost photoreceptors, and have shown: (1) that
phosphorylation of activated visual pigment is much faster
in cones than in rods; (2) that GRK7 exhibits much higher
enzymatic activity than does GRK1; and (3) that the
expression level of GRK7 in cones is much higher than
that of GRK1 in rods.

These findings suggest that the combination of the
difference in kinase activity and the difference in
expression level between GRK1 in rods and GRK7 in
cones contribute to the difference in the photoresponse
properties of the cells. To examine this hypothesis,
we generated transgenic zebrafish ectopically expressing
GRK7-1 in their rods (GRK7-tg), and measured the
expression level of the relevant proteins in the rods. We
characterized the electrical responses of individual rod
photoreceptors and examined rod-mediated behaviour in
intact animals. Our results reveal the functional changes
consequent upon exogenous expression of GRK7 in rods,
and help provide an understanding of the molecular basis
for the electrophysiological differences between cones and
rods.

Methods
Ethical approval

Ethical approval for the experiments was granted by
the Animal Experimentation Ethics Committee of the
Australian National University, and the work conformed
to the provisions of the Australian Code of Practice for the
Care and Use of Animals for Scientific Purposes and to the
principles of UK regulations.

Generation of zebrafish expressing GRK1 and GRK?7
transgenes in rod photoreceptors

Fish were treated in accordance with the guidelines of
the University of Tokyo. The wild-type zebrafish strain
RIKEN WT was originally a gift from Dr Hitoshi Okamoto
(Brain Science Institute, Riken) and bred in the Tokyo
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laboratory. They were maintained on 14 h light—10 h dark
cycles, and fed twice per day with living baby brine
shrimp. We generated transgenic zebrafish that over-
express GRK7-1 or GRK1A (Wada et al. 2006) in rods
under the control of the zebrafish rhodopsin promoter
(Asaoka et al. 2002) by using the Tol2-based trans-
genesis system (Kawakami er al. 2004) as follows. A
DNA fragment which contains the rhodopsin promoter
followed by the GRK7-1 or GRK1A open reading frame
was subcloned into pT2KXIGAin (Urasaki et al. 2006)
by replacing the pre-existing EFla promoter and GFP
open reading frame via a double digestion with Xhol
and BgIII followed by ligation. The resulting transgene
construct is shown in Fig. 1A. The Tol2 transposase mRNA
was transcribed from pCS-TP (Kawakami et al. 2004) in
vitro using the mCAP mRNA Capping Kit (Stratagene,
La Jolla, CA, USA) or the mMESSAGE mMACHINE kit
(Ambion, Inc., Austin, TX, USA). About 1 nl of DNA/RNA
solution containing 25ng ul™! DNA of the transgene
construct and 5ng ul™! Tol2 mRNA in 0.1 M KC1/0.05%
phenol red was injected into wild-type embryos at the
one-cell stage. Fy founder fish were identified by PCR
analysis of the genomic DNA pools of their F; embryos
with a pair of primers, SV40-polyA-Fw (5-GCGAC
TCTAG ATCAT AATCA GCC-3") and Tol2-Rv (5'-AGTCC
AAAAT CAGCC ACAGG-3'), which were designed to
amplify a 299 bp DNA fragment. We established three
transgenic lines for GRK7 and two transgenic lines
for GRKI1. These transgenic lines had a single copy
of the transgene at distinct integration sites in the
genome, as confirmed by Southern blot analysis as
follows. Briefly, a digoxigenin-labelled DNA probe for
the zebrafish rhodopsin promoter was prepared from
the Rh(-1084) plasmid (Asaoka et al. 2002) by using
PCR DIG Probe Synthesis Kit (Roche Diagnostics GmbH,
Mannheim, Germany) with a pair of primers (5'-GAATG
AATAA ATGTT CCAAA GCAG-3'and 5'-TTCCA TGATC
AAGAC TCAGA AGG-3'). Genomic DNA prepared
from the fish fin was digested with EcoRV, electro-
phoresed on 0.7% agarose gel, and transferred to a nylon
membrane (Hybond-N+, GE Healthcare) by capillary
blotting with 0.4 M NaOH. The membrane was incubated
with the DNA probe at 55°C in a hybridization buffer
composed of 50% formamide, 5 x SSC (1 x SSC
contains 0.15M NaCl and 0.015 M sodium citrate), 0.1%
N-lauroylsarcosine sodium salt, 0.02% SDS and 2%
blocking reagent (Roche Diagnostics GmbH, Mannheim,
Germany). Hybridization signals were detected by using
DIG Luminescent Detection Kit (Roche Diagnostics
GmbH, Mannheim, Germany). Transgenic fish were
maintained as hemizygotes, which were used in the
following experiments unless otherwise stated.

Fish used for studies of the optokinetic response
(OKR) were generated by breeding homozygous larvae
that harboured the eclipse mutation (els) causing cone
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degeneration, into the GRK7-transgenic lines to eliminate
cone function. At 4-5days post-fertilization (dpf),
heterozygous (els/+) or wild-type larvae reliably show
OKR in bright light, while homozygous (els/els) larvae
do not respond in the same conditions (Nishiwaki et al.
2008). Using this criterion, homozygous els carriers were
selected from larvae generated from crosses between
els/+ and els/+;Tg(rho:GRK?7) fish, and were used
for the OKR measurement at 21dpf. After the OKR
measurements, each larva was subjected to PCR-mediated
genotyping as described above, and identified as trans-
genic (els/els; Tg(rho:GRK7)) or non-transgenic (els/els).

Immunohistochemistry

Immunohistochemistry was conducted as described
previously (Wada et al. 2006). Eyes were isolated
from light-adapted zebrafish, and 10 um thick frozen
ocular sections were prepared. These sections were
incubated for 30 min at room temperature in a blocking
solution composed of 0.1% Triton X-100 and 1.5%
normal goat serum in phosphate-buffered saline (PBS;
15 mM Na-phosphate, 140 mm NaCl, pH 7.4), and then
incubated with anti-GRK7 rabbit polyclonal antibody
(1:500 dilution) raised against a partial sequence of carp
GRK7 (Tachibanaki et al. 2005) for 24h at 4°C. The
sections were washed with PBS and incubated for 24 h
at 4°C with anti-rabbit IgG antibody (Cell Signaling
Technology, Inc., Danvers, MA, USA) conjugated with
horseradish peroxidase. Positive signals were visualized
by using a Vectastain Elite ABC kit (Vector Laboratories,
Inc., Burlingame, CA, USA) with a substrate solution
of 0.4 mgml~! diaminobenzidine and 0.003% H,0O, in
50 mM Tris-HCI (pH 7.5).

Spectrophotometric measurement of rhodopsin
in transgenic eyes

Spectrophotometric measurements were performed as
previously described with some modifications (Wada
et al. 2006). Both eyes were isolated from a dark-adapted
zebrafish, homogenized in 400 ul of buffer P (50 mm
Hepes, 140 mM NaCl, 1 mm DTT, 10 ug ml™" leupeptin,
10 ng ml~! aprotinin, pH 6.6) on ice, and then centrifuged
at 18,000 g for 30 min at 4°C. The precipitate was washed
with 400 ul of buffer P, then extracted with 400 ul of
buffer P containing 2% (w/v) CHAPS and centrifuged
at 18,000 g for 30 min at 4°C. The extract was incubated at
25°C in the presence of 100 mM hydroxylamine for 1 h in
order to convert essentially all of the cone visual pigment
into opsin plus retinal oxime in the dark. The rhodopsin
content was then estimated from the difference absorption
spectrum measured before and after complete bleaching
(A > 524 nm), with the molar extinction coefficient of
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rhodopsin taken to be 40,600 M~ cm™' as for bovine
rhodopsin (Wald & Brown, 1953). As the eye size
varied between individuals, the rhodopsin content was
normalized by the total protein concentration of the
membrane extract.

Immunoblot analysis

For immunoblot analysis, eyes or retinas were dissected
from adult zebrafish (>6 months old) and homogenized
in an SDS-PAGE sampling buffer (10 mm Tris-HCI, 6%
glycerol, 2% SDS, 50 mM dithiothreitol, 2 mm EDTA
and 0.02% Coomassie Brilliant Blue R-250, pH 6.8).
The protein content of the homogenate was determined
according to Bradford (1976). Proteins in the tissue
homogenates were separated on an sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
and were transferred to a polyvinylidene difluoride
membrane (Millipore). The blotted membrane was
pre-incubated with 1% (w/v) skim milk (BD Diagnostic
Systems, Sparks, MD, USA) in TBS (50 mm Tris-HCI,
200mmM NaCl, 1 mm MgCl,, pH7.4) for 1h at 37°C
for blocking. The membrane was then incubated with
one of the following primary antibodies in the blocking
solution overnight at 4°C: anti-carp GRK7 antibody,
1:1000 dilution (Tachibanaki et al. 2005); anti-GRK1 anti-
body (0.2 ugml™'; sc-8004, Santa Cruz Biotechnology,
Inc.,, Santa Cruz, CA, USA); anti-GNAT1 anti-
body (0.2 ugml™'; sc-389, Santa Cruz Biotechnology);
anti-carp Arrl antiserum, 1:2000; anti-carp GC-R1
antiserum,1:400 (Takemoto et al. 2009); anti-frog
S-modulin antiserum, 1:400 (Arinobu et al. 2010);
or anti-carp RGS9 antiserum, 1:400 (S. Tachibanaki,
S. Yonetsu, S. Fukaya & S. Kawamura, unpublished
observations). The bound primary antibodies were
detected by horseradish peroxidase-conjugated secondary
antibodies (0.2 ugml™!, KPL Inc., Gaithersburg,
MD, USA) in combination with an enhanced
chemiluminescence detection system (Western Lightning
Chemiluminescence Reagent, PerkinElmer Life Sciences).
The immuno-positive signal intensities were quantified by
Image Gauge software (Fujifilm).

Rhodopsin phosphorylation in retinal homogenates

Retinas were homogenized on ice with an extraction
buffer (20 mm Hepes, 5 mm MgCl,, 120 mm KCl, 1 mMm
EGTA, 1 mm DTT, 100 um PMSE, 50 ug ml~! leupeptin,
50 ug ml~! aprotinin, pH 7.4). An aliquot of the homo-
genate was subjected to rhodopsin extraction with
the extraction buffer containing 1% (w/v) CHAPS,
and subsequently to a photo-bleaching measurement
where the amount of rhodopsin was determined
spectrophotometrically. The phosphorylation assay was
performed in 50 ul of a reaction mixture in which the
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retinal homogenate was diluted with the extraction buffer
to contain 0.8 uM rhodopsin. In the first step of the
assay, the reaction mixture was irradiated on ice for 1 min
with an intense white light (5000 lux), which completely
activated rhodopsin. After irradiation, the mixture was
kept at 25°C for 1 min so that the light-activated cone
pigments could completely decay. Then, for initiation
of the phosphorylation reaction, [y->*P]ATP was added
to the mixture at 25°C, to a final concentration of
100 M (3.7 kBq ul™). The reaction in 10 ul aliquots was
terminated at various time points by mixing with 30 ul of
1.3x SDS-PAGE sampling buffer. After SDS-PAGE, the gel
was subjected to autoradiography, where phosphorylation
levels of light-activated rhodopsin were estimated from the
band intensities.

Electrophysiological recordings from zebrafish rods

Suction pipette recordings from isolated zebrafish rods
were made in the Canberra laboratory using the methods
of Baylor et al. (1979a), Lamb et al. (1981, 1986),
and Murnick & Lamb (1996). The perfusion solution
was Hepes—bicarbonate buffered physiological saline of
the following composition (in mm): NaCl, 112.5; KCl,
3.6; MgCl,, 2.4; CaCl,, 1.2; EDTA, 0.02; Hepes, 10;
NaHCOs;, 20; D-glucose, 10; sodium glutamate, 0.5;
sodium succinate, 3; its pH was adjusted to 7.40-7.45
with ~80 ul of 1M HCI per 200 ml. The solution was
bubbled with 95% O,—5% CO,, and was perfused through
the recording chamber at ~0.5 ml min~'. We found this
solution to be better at maintaining the viability of
zebrafish rods than toad Ringer solution. Suction pipettes
were drawn from borosilicate glass capillary tubing (Clark
GC150-10, SDR, Sydney, Australia) on a Sutter P97
puller, to have a lumen diameter of ~2.5-3 um after fire
polishing, and were silanized as described by Jarvinen &
Lamb (2005). In most experiments the suction pipette was
filled with the same pre-oxygenated Hepes—bicarbonate
buffered perfusion solution; the pipette resistance was
2.5-3 MQ.

Zebrafish were maintained at 25-28°C on a 12h
light-12 h dark cycle, and fed tropical fish food; they
were ~3 cm in length when used. An individual fish was
dark-adapted overnight in a light-proof tank, and then
killed under dim red light by cranial concussion followed
by decapitation, according to guidelines approved by
the Animal Experimentation Ethics Committee of the
Australian National University. All subsequent procedures
were performed under infra-red illumination. The eyes
were removed and placed in ice-cold L-15 medium (Gibco,
USA) with added BSA (1 mgml™") and glucose (10 mm).
Under a dissecting microscope, one eye was opened by
nicking the cornea with a pair of fine forceps and then the
lens was removed with vitreous, retina and retinal pigment
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epithelium attached. The retinal pigment epithelium
readily separated from the retina, which was carefully
peeled away from the lens, laid out flat on the bottom of
the Petri dish with the photoreceptor layer uppermost and
dissected as needed into small pieces (~0.5 mm square)
with a fine microsurgical blade (Surgistar, Knoxville, TN,
USA).

A suspension of retinal material was transferred to the
recording chamber on the stage of a motorized inverted
microscope (Axiovert 200M, Carl Zeiss, Germany),
and the pieces were allowed to settle for ~5min
before perfusion began. Cells were visualized using
an IR-sensitive CCD camera (Watec 902H) and video
monitor, under IR illumination from an 850 nm LED
in the modified microscope illuminator; images were
recorded to a DVD recorder for later analysis. The outer
segment of a single rod was drawn into the suction
pipette, using a ‘semi-open’ suction system as described by
Koskelainen et al. (1994); the pipette resistance increased
to 5-10 M. Pipette current was recorded with an A-M
Systems 2400 patch clamp amplifier (modified for fine
control of DC offset; A-M Systems Inc., Carlsborg, WA,
USA), and was low-pass filtered at 20 Hz (8-pole Bessel,
Kemo Ltd, Beckenham, UK), and digitized at either 100
or 200 Hz via custom software running under Matlab
(The Mathworks, Natick, MA, USA). Experiments were
performed at room temperature (22-24°C). A recording
from a single zebrafish rod typically lasted 20-30 min.

Visible light stimuli were generated using a green
LED (516 nm, in a second modified illuminator housing)
driven by custom-designed pulse number electronics.
Every 1.4ms, the LED current could be activated for
a selected number (0-16 000) of pulses from a master
clock running at 12 MHz. Hence, the flash was typically
1.4 ms in duration, whereas ‘steady’ light was modulated
at ~700 Hz. The stimulated area was usually 38 um in
diameter, covering the outer segment. The light intensity
was measured at the end of each experiment with a
calibrated power meter (UDT Model 371), and flash
intensities have been converted to photon um™2.

For the responses to each flash, the baseline current
was taken as the mean over the 1s interval prior to
the flash. Often the baseline current drifted slowly at
an approximately steady rate (typically ~0.2 pAs™'), in
which case the average drift was removed from the
individual traces by subtracting out the long-term slope
determined from a least-squares fit to the set of baseline
current measurements. The rod’s maximal response was
measured with a just-saturating flash presented at regular
intervals, and where practicable the circulating current
at intervening times was corrected by linear interpolation.
Rods for which the saturating response decreased by >30%
over the course of the recording were excluded from
analysis. Analysis of digitized recordings was performed
with Matlab, SigmaPlot (Systat Software Inc., San Jose,
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CA, USA) and Igor Pro 4 (WaveMetrics, Inc., Lake Oswego,
OR, USA) software.

For comparison with the illumination protocols used
in the whole-animal OKR studies (see below), rods were
also stimulated with square-wave illumination comprising
10 cycles at 0.5Hz (i.e. 1s on, and 1s off) at a range
of intensities. Spectral analysis of the recordings was
then used to determine the amplitude of the frequency
component at 0.5Hz, as follows. Records of 20.48s
duration (4096 samples at 200 Hz) beginning at the
stimulus onset, were processed using the fast Fourier trans-
form algorithm in Igor Pro 4, after filtering with a Hanning
window, and the amplitude of the component at 0.5062 Hz
was taken. To average across rods, the amplitudes were first
normalized to the largest amplitude obtained at different
intensities for each rod; the normalized values were then
averaged across the two groups of rod (WT and GRK7-tg).

Optokinetic response measurement

The optokinetic responses (OKR) of fish were measured
in the Tokyo and Okinawa laboratories according to the
literature (Brockerhoff et al. 1995; Nishiwaki et al. 2008). A
zebrafish larva (21 dpf) was surrounded by fine needles for
mild immobilization ona 5 mm-thick clear silicone rubber
fit in a 35-mm Petri dish; this suppressed whole-body
movements. The larva was dark-adapted for 3-5h at
27-30°C before measurement of the OKR. The following
procedures were performed in darkness or under infrared
light. The dark-adapted larva in the dish was placed at
the centre of a microscope stage to which a circular drum
was mounted. The drum had 18 deg wide black and white
vertical stripes on the inside (i.e. 10 pairs of stripes per
revolution), and was rotated by a belt linked to an adjacent
motor. White light from a halogen lamp was used to
illuminate the drum with neutral density filters to control
the light intensity. In each OKR trial, the drum was rotated
in both directions, clockwise (CW) and counter-clockwise
(CCW), in the manner shown in Fig. 9A. In a single set of
trials, we measured the OKR of the larva at two different
speeds of rotation under six different light intensities. The
rotational speeds were 1.5 and 3.0 revolutions per minute
(rpm), corresponding respectively to angular speeds of
9degs 'and 18 degs™', or to square-wave illumination
at any fixed point on the retina at 0.25Hz and 0.5 Hz.
The light intensities used were —4.0, —2.9, —2.6, —2.0,
—0.9 and 0 (in log unit, relative to the brightest intensity,
1100 lux). The head of the larva (top view) was imaged
by using an IR-sensitive video camera (C2400-79 or
C2741-79; Hamamatsu Photonics) attached to a binocular
microscope (Zeiss), and the larva was illuminated with IR
light from below. Image sequences were digitized with
an A/D converter (ADVC-55; Canopus) and recorded as
digital video movies in DV-NTSC format (29.7 frame s™!).
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To determine whether or not the larva showed
OKR in a given trial, the image sequence data were
processed as follows. The infrared image sequence
was converted to a .MOV file (3frames™!) using
iMovie software (Apple); sample movies (10 frames™')
are included in online Supplemental Material. The
resulting .MOV file was analysed using Image] software
(http://rsb.info.nih.gov/ij/). In each frame, the orientation
of each eye was determined by fitting an ellipse to the
eye shape and plotted as a function of time (Fig. 9A).
Note that the OKR of the zebrafish larva to these
rotational stimuli typically consisted of repetitions of
smooth-pursuit eye movements interspersed with rapid
saccades in the opposite direction. The saccadic eye
movements (asterisks in Fig. 9A) were identified using
operator-determined thresholds of the eye movement
acceleration (typically 5degs™2), and were excluded in
the calculation of eye velocity. The processed data were
used to calculate the mean eye velocities during each trial
for the periods of CW, CCW and zero rotation; these mean
eye velocities are denoted: v(CW), v(CCW) and v(ZERO).
A given trial was defined as exhibiting OKR when both of
the following criteria were met: (i) the mean velocities
in the three conditions fulfilled the requirement v(CW)
> v(ZERO) > v(CCW); and (ii) the differences between
v(CW) and v(ZERO) and between v(ZERO) and v(CCW)
were both statistically significant according to Student’s
t test (P < 0.05).

The relationship between the eye velocity and the light
intensity was analysed as follows. The mean eye velocities
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v(CW) and v(CCW) were calculated for each eye and in
each trial as described above. For each direction (CW or
CCW) at each intensity, the larger absolute value of the
two mean eye velocities obtained from the left and right
eyes was defined as the mean velocity for CW and CCW,
respectively. The highest velocity among all the conditions
was defined as the maximum velocity. The mean eye
velocities were then normalized to the maximum velocity
for each larva. The eye velocities of larvae that did not
show OKR were set to zero.

Results

Using the Tol2-based transgenesis system (Fig. 1A), we
generated three GRK7-transgenic lines (GRK7B, GRK7D
and GRK7E) ectopically expressing the cone-specific
kinase GRK7-1 in rods, and, primarily for control
purposes, two GRKI-transgenic lines (GRKle and
GRK1p) over-expressing GRK1A in rods. Throughout
this paper, we will employ the terms WT, GRK7-tg, and
GRK1-tg to refer respectively to wild-type zebrafish, to
zebrafish with rods expressing GRK7, and to zebrafish
with rods over-expressing GRK1. As a visual aid for
distinguishing the strains, we employ colour-coding of
traces and bars as follows: WT, blue; GRK1-tg, green;
GRK7-tg, red. Note that, to minimize colour confusion
for red/green anomalous readers, the red has deliberately
been tinted closer to magenta.

All animals in the established lines were healthy
and developed normally to adulthood. The length (L)

Figure 1. Expression of GRKs in transgenic zebrafish rods

A, schematic diagram of the transgene introduced into the GRK7- or GRK1-tg lines. B, retinal sections of adult
wild-type and GRK7-tg fish were immunostained with anti-carp GRK7 antibody; scale bar, 20 um. C and D,
expression levels of GRK7 in GRK7-tg eyes, and of GRK1 in GRK7-tg and GRK1-tg eyes, were assessed by immuno-
blot analysis of serial dilutions of ocular homogenates from age-matched wild-type and transgenic zebrafish. The
amount of protein loaded onto each lane is indicated. His-HA-tagged recombinant GRK proteins, His-HA-GRK7-1
and His-HA-GRK1A, (Wada et al. 2006), were used as standards for the calibration of ocular GRK protein levels. The
ocular homogenates and His-HA-tagged recombinant GRK proteins were mixed with zebrafish brain homogenate
to adjust the total amounts of proteins to the same level so as to eliminate any difference between the samples in
masking effects of non-GRK proteins. Note that the zebrafish brain homogenate showed no detectable immuno-
reactivities to the primary antibodies against GRKs. Typical immunoblot images are shown in C. The estimated
amounts of both GRK1 and GRK7 proteins per total ocular protein are shown in D. Averages (also indicated as
numbers) from three independent experiments are shown with SEM. Note that the GRK1 levels (left panel in D)
contain GRK1B, which is expressed in cones (Wada et al. 2006). The GRK1B levels are estimated to be 0.018 ng per
ug of total protein according to Wada et al. (2006). On the other hand, the GRK7 levels in GRK7-tg (right panel
in D) contain GRK7 intrinsic to cones, which is estimated to be 0.15 ng per g of total protein. After subtracting
the amounts of GRK1B and GRK7 in the cones, the ratio of GRK7:GRK1 expression in the rods was estimated as
10:1 for each of the three lines of GRK7-tg animal. E, rhodopsin content in ocular membrane extracts estimated
by spectrophotometric measurement. Averages from 10 wild-type fish, five GRK7-tg fish and four GRK1-tg fish
are shown with SEM. F and G, expression levels of rod transducin « subunit (GNAT1, F) and rod arrestin (Arr1, G)
in ocular homogenates. Top, typical immunoblot images from wild-type and transgenic zebrafish. Bottom, protein
expression levels in the eyes of transgenic fish relative to those of wild-type. In each lane, ocular homogenate
containing 3.2 ug of total protein was loaded. Averages from four to six independent experiments are shown with

SEM.
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Table 1. Properties of rods from WT, GRK1-tg, and GRK7-tg zebrafish

J Physiol 589.9

Property Symbol Units WT GRK1-tg GRK7-tg
Physical OS diameter d um 2.9 + 0.1(19) 2.9 + 0.1(13) 2.9 + 0.1(43)
OS length L um 29.6 £ 1.2(19) 29.2 + 0.3(13) 24.0 + 0.6(43)*
Electrical Dark current = ip = max pPA 5.5 + 0.3(39) 5.0 £+ 0.3(36) 5.9 + 0.3(55)
maximal
response
Response versus intensity Half-saturating Q12 photons 6.8 £+ 0.5(39) 12 + 1(36)* 55 + 6(55)**
flash intensity um—2
Half-saturating D)2 photoiso- 16 29 110
photo- merizations
isomerizations
Bright flash response kinetics Dominant time Ttarim, o 3 0.55 4+ 0.03(30) 0.59 4+ 0.03(26) —
constant 0.57 0.41 0.54
T, e s 0.95 0.92 0.96
Tdom, high S 7.5 4.1 6.1
Dim flash response kinetics Time-to-peak tpeak 3 0.57 + 0.02(39) 0.54 + 0.02(32) 0.84 + 0.04(54)*
Integration time  tint s 0.88 + 0.04(39) 0.88 + 0.04(33) 1.60 £+ 0.07(55)*
Decay time Tz s 0.55 + 0.04(39) 0.53 + 0.03(32) 1.10 + 0.05(54)*
constant
Single-photon response From Amacro PA 0.237 0.127 0.047
amplitude half-saturation
intensity
From variance A pA 0.32 + 0.02(23) 0.19 £ 0.02(11)*} 0.32 + 0.03(14)}
From amplitude  apistoq pA 0.32 4+ 0.03(9) — 0.27 + 0.02(14)1
histogram
Two-component  ai PA — — 0.34 + 0.02(5)
analysis
Two-component  as pA — — 0.022 £ 0.005(5)
analysis
Effective collecting area Physical A pum? 2.4 2.4 2.0
Functional Ac um? 1.95 £ 0.14(23) 1.57 £ 0.24(11) 0.32 £ 0.07(5)
Amplification constant From Aspr 572 1.5 £+ 0.2(23) 1.1 £ 0.2(11) 0.9 £+ 0.1(17)*
single-photon
response
From flash Afamily 572 2.6 + 0.3(23) 1.6 &+ 0.2(11)* 1.2 £ 0.2(17)*
family

Physical properties and electrical response properties measured for rods of the three genotypes. Values are given as means + SEM,
except for derived values which are given without error estimates. Statistically significant differences of means from WT values are
indicated: *P < 0.05; **P < 0.01. Significance was determined using Student’s t test for unpaired observations; the number (n) of
observations represents the number of rods tested. —: not measured. For the dominant time constant, the first row (with SEM) gives
the means of the individual fits (for the lowest range of saturating intensities), whereas the values without SEM are for the slopes of
the pooled data. For single-photon response amplitudes, measurements indicated { need to be treated with caution. The macroscopic
values rely on the accuracy of the light intensity calibrations and on the accuracy of the calculation of effective collecting area; the
values of amacro for WT and GRK1-tg are about 2/3 of the estimates ay,r and Ahistog from variance and histogram measurements,
which suggests that the actual numbers of isomerizations may have been lower than calculated from the light intensities (see Results).
For GRK7-tg rods, the only estimates of single-photon response amplitude that can be considered reliable are those obtained by the
two-component analysis approach.

and diameter (d) of rod outer segments (Table 1) were
measured from digitized video images captured at a
resolution of 5 pixels um™' with a 40x objective (LD
Achroplan, Zeiss). The dimensions were indistinguishable,

except for the length of GRK7-tg rods, which was almost
20% shorter than that of WT rods, giving a corresponding
reduction in the ‘physical’ effective collecting area (A.) of
the outer segment (Table 1) that was calculated according
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to eqn (14) of Baylor et al. (1979b); the ‘functional’
effective collecting area is considered subsequently, when
we measure single-photon responses.

Expression of GRKs in transgenic rods

The cellular expression pattern of the GRK7 transgene in
GRK7-tg animals is examined by immunohistochemistry
in Fig. 1B. In the wild-type retina, GRK7 expression was
restricted to cones (arrowheads), whereas in the GRK7-tg
retina GRK7 was expressed both in the rod outer segments
(outermost labelling) and in the cone outer segments
(arrowheads).

The expression levels of GRK7 and GRKI1 proteins
in these transgenic lines were determined by immuno-
blotting of their ocular extracts (Fig. 1C, D). In GRK1-tg
eyes, the level of GRK1 protein was only slightly higher
than in wild-type (1.6-fold in GRK1-«a and 1.8-fold in
GRKI1-B; Fig. 1 Dleft). On the other hand, in GRK7-tgeyes,
the level of GRK7 protein was substantially higher (Fig. 1D
right), and the level of GRK1 slightly lower (Fig. 1D left),
than in wild-type; thus, the GRK7 levels were 5.6, 5.1 and
4.1 times WT, and the GRK1 levels 0.75, 0.60 and 0.51 times
WT, in the GRK7B, GRK7D and GRK7E lines, respectively.
For each of the three lines of GRK7-tg animal, the ratio
of GRK7 : GRK1 expression in the rods was estimated as
approximately 10:1 (see legend of Fig. 1 D). Since the molar
ratio of GRK1 to rhodopsin in wild-type rods is ~1:600
(Wada et al. 2006), the molar ratio of GRK7 to rhodopsin
in the GRK7-tg rods was estimated as ~1:60, only ~2-fold
higher than the molar ratio of ~1:150 estimated in WT
cones for GRKs to opsins (Wada et al. 2006).

The amount of rhodopsin (Fig. 1E) was almost
unchanged in the two GRKI1 transgenic lines and the
GRKZ7E line, but was reduced in the other two GRK7 lines
(to ~80% in GRK7B and to ~60% in GRK7D). These
values are broadly consistent with the notion that the
measured rhodopsin content was roughly proportional
to the outer segment volume, which was reduced to about
80% in GRK7-tg animals, though our measurements of
cell dimensions did not show clear differences between
outer segment volume in the different lines of GRK7-tg
animal.

We then estimated the content of several other photo-
transduction proteins in the eyes of transgenic zebrafish
by Western blot analysis. The total amount of trans-
ducin a-subunit (Fig. 1F) was reduced to ~80% in the
GRK1-tg eyes, and to 40-50% in the GRK7-tg eyes. After
normalization to the rhodopsin content, the levels of
transducin a-subunit were ~90% of WT in GRK1-tg, and
50-60% of WT in GRK7-tg. In contrast, the amounts
of rod arrestin (Fig. 1G), rod guanylate cyclase (GC-R1),
recoverin/S-modulin and RGS9 (Supplemental Fig. S1A, B
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and C, respectively) were not significantly altered among
the three genotypes. Unfortunately, we do not have data
on PDE, and we were not able to obtain convincing data
on GCAPs.

Rhodopsin phosphorylation in retinal homogenates

GRK activity in retinas of wild-type, GRK1-tg or GRK7-tg
zebrafish was analysed by our rhodopsin phosphorylation
assay (Fig.2). For retinal homogenates from each of
the GRK7-tg lines the initial rate of phosphorylation
of light-activated rhodopsin was significantly higher
(~5.9-fold) than in wild-type, while the rate in GRK1-tg
was only slightly up-regulated (~1.7-fold) compared
with WT. No significant difference was observed in the
phosphorylation rate among the three GRK7-tg lines.
The ~5.9-fold increase in phosphorylation rate in the
GRK7-tg lines is of similar magnitude to the ~5-fold
increase in GRK7 protein expression in GRK7-tg eyes
(Fig. 1C and D). This is broadly as would be expected,
because both sets of experiments were performed on
homogenates of whole retina, which contained cones as
well as rods; hence all the samples (including the wild-type
controls) contained substantial endogenous GRK7. If,

2.5
2.0 1 ;f :|GFTKT-IQ
: Jll
o //
(7]
e 1.5 4 Light
k=]
T g
g- 104 . f:‘;’j' ]GHK1-tg
£ '_f/?:;f’ 3 wild-type
Iﬂ_., 0_5 vl ﬁr_,-//J r——-§ -
GRK74g |
¥ Dark
0 — Twiktype _
0 0.5 1 2 4
Time (min)

Figure 2. Time course of rhodopsin phosphorylation in retinal
homogenates

Phosphorylation of rhodopsin was measured in retinas from
wild-type (blue open diamonds), GRK1« (green open inverted
triangles), GRK1p (green open ovals), GRK7B (red open circles),
GRK7D (red open squares) and GRK7E (red open triangles) fish; open
symbols denote light-exposed preparations. In darkness (filled
symbols), the extent of phosphorylation was comparable to the
background level and less than 10% of that for light-activated
rhodopsin. For each symbol, the amount of phosphate (P;)
incorporation is averaged from three independent experiments; error
bars show SEM.
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Figure 3. Families of rod photocurrents from WT, GRK1-tg and GRK7-tg zebrafish

A-C, response family from a representative rod for each genotype: A, WT; B, GRK1-tg; C, GRK7-tg. The responses
shown have been normalized, and were obtained with 514 nm flashes of 1.4 ms duration delivered at time zero.
Flash intensity increased by a factor of two between traces, over the range (in photons um=2): A, 0.9-1800;
B, 1.8-1800; C, 3.5-1800. For the three cells, the circulating dark current (maximal response) was 5.5, 5.0 and
6.4 pA respectively. Dashed horizontal lines indicate the level of 20% recovery of current at which the saturation
time was measured for £ and F. D, response versus intensity relationships for the three rods in A-C, measured at a
fixed time, just prior to the peak of the nearly saturating response: 0.45, 0.4 and 0.67 s in the three rods. Curves
plot the exponential saturation function, egn (1); the intersection of each curve with the lower and upper dashed
horizontal lines give Q1> and Qe respectively. For these three rods, Q1,2 was 4.8, 10, and 47 photons um=2. Eand
F, time spent in saturation, Tsat, plotted semi-logarithmically against flash intensity; individual points are averaged
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for simplicity, one assumed the activity of GRK1 to
be negligible in comparison with the activity of GRK7,
then the observed ratio of phosphorylation rates in the
experiments of Fig. 2 would be expected to approach the
ratio of GRK7 expression levels in the different retinas
in the experiments of Fig.1, rather than the ratio of
GRK7:GRKI activities.

Circulating dark current and families of flash
responses

Photoresponses generated by rods of the three genotypes
were characterized using suction pipettes to record the
circulating current. The qualitative form of the family
of responses to flashes of increasing intensity was then
analysed to determine the functional properties of the
rods.

Average values of the maximal response amplitude
(7max> equal to the circulating dark current, ip) for rods of
the three genotypes are presented in Table 1, and were very
similar to each other, at around 5-6 pA. The three lines of
GRK?7-tg animals showed slight differences in circulating
current, but these were not statistically significant: GRK7B,
5.440.4 (n=27); GRK7D, 6.1 +0.3 (n=24); GRK7E,
74+£0.7 (n=4).

This level of circulating current is broadly as expected
at this temperature (~23°C) for rod outer segments of
this size, being smaller than in mammalian rods at 37°C
primarily because of the powerful effect of temperature
on circulating current (Baylor et al. 1983; Lamb, 1984;
Robinson et al. 1993; Nymark et al. 2005). For comparison,
at this same temperature, the mean circulating current of
rat rods is only around 1 pA (Robinson et al. 1993).

Representative families of flash responses, normalized
as R(t) = r(t)/rmax> from rods of the three genotypes are
plotted in Fig. 3A—C. The waveforms recorded from WT
(Fig. 3A) and GRK1-tg (Fig.3B) rods were qualitatively
similar to each other, and closely resembled the response
families obtained in other species, with a uniform style
of recovery from saturating responses over the illustrated
range of intensities. In contrast, the waveforms obtained
from GRK7-tg rods (Fig. 3C) were qualitatively different,

Responses of zebrafish rods expressing GRK7
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exhibiting an additional kinetic component over the
time-span 1-6s for the illustrated responses. In rods
of all three genotypes there was a slow component of
recovery at times later than ~4 s with bright flashes (see
also Supplemental Fig. S2), but the GRK7-tg rods showed
different behaviour at around 3 s after the flash. It is not
obvious whether this different form at ~3 s represents the
addition of a slow component of recovery or the absence
of a rapid component of recovery.

Response versus intensity relation
and half-saturating flash intensity

The normalized response r/rm, at a fixed time was
calculated from flash families as shown in Fig. 3A-C, and
plotted as a function of flash intensity, Q (Fig.3D). In
each case the data are well described by the exponential
saturation function
r
——=1-exp(=Q/Q) (1)
(Baylor et al. 1979a), where Q. is the exponential
saturation flash intensity, which is related to the
half-saturating intensity by Q;, = Q. In 2.

The horizontal scaling of the curves was determined by
least-squares fitting, yielding values of Q;/, = 6.8, 12 and
55 photons um™~? in WT, GRK1-tgand GRK7-tg (Table 1).
Compared with WT rods, the flash intensity required to
half-saturate the response was nearly double in GRK1-tg
rods, and about 8-fold higher in GRK7-tg rods, indicating
substantially reduced sensitivities of GRK7-tg rods. In the
Discussion we will comment on a range of factors that are
likely to contribute to this difference in GRK7-tg rods.

Between the three lines of GRK7-tg animals, the
value of Q, was roughly inversely proportional to
rhodopsin content, as might be expected. Thus, for the
GRK7B, GRK7D and GRKTYE lines, the values of Q,, (in
photons um™2) were: 49 +6 (n=27), 65+ 12 (n=24)
and 35+ 8 (n=4), while in the experiments shown in
Fig. 1E the rhodopsin levels for the corresponding lines
were 2.20, 1.79 and 2.53 pmol (ug protein) .

The half-saturating intensities above can be converted
from units of incident light intensity to units of

from 4-32 WT, 1-29 GRK1-tg, or 3-50 GRK7-tg rods. Saturation time was measured at the 20% recovery level
indicated by the dashed horizontal lines in A-C and also in Fig. S2. The fitted straight lines provide an estimate of the
dominant time constant of recovery. E, the lower range of saturating intensities, corresponding approximately to
the responses illustrated in A—C. The slope of the relationship appeared to be intensity dependent, and regression
fitting has been applied separately for points below and above 500 photons um=2. For measurements below
500 photons um=2, the fitted slopes yielded values of dominant time constant, Tgom.jow: WT, 0.57 s; GRK1-tg,
0.41 s; and GRK7-tg, 0.54 s. For measurements in the range 500-10,000 photons xm=2, the fitted slopes yielded
values of dominant time constant, gom mig: WT, 0.95 s; GRK1-tg, 0.92 s; and GRK7-tg, 0.96 5. F, the full range
of flash intensities. Regression lines fitted to the data points at flash intensities higher than 8000 photons xm=2
yielded the following values of dominant time constant, zgom,high: WT, 7.5 s; GRK1-tg, 4.1 s; and GRK7-tg, 6.1 s.
These data indicate that at extremely high intensities the rate of recovery is greatly slowed in all three genotypes.
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photoisomerizations through multiplication by the
respective effective collecting areas determined from the
outer segment dimensions (2.4, 2.4 and 2.0 um?; Table 1).
Hence, the numbers of photoisomerizations required to
half-saturate the response were ®; , = 16, 29 and 110, for
WT, GRK1-tg, and GRK7-tg, respectively.

A ‘macroscopic’ estimate dp,qo for the amplitude of
the single-photon response (quantal response) may be
obtained by substitution into eqn (1) at an intensity of
® =1 photoisomerization, giving

Amacro = iD {1 — €Xp (_ In 2/®1/2)} ~ iD In 2/q)l/Z (2)

which yields values of a0 =0.23, 0.12, and 0.04 pA
for rods of the three genotypes (Table 1). These values
will be compared subsequently with estimates obtained
from analysis of variance and from analysis of amplitude
histograms.

Dominant time constant of recovery from saturating
flashes

Analysis of the relationship between the time spent in
saturation and the flash intensity has become a standard
method for extracting the ‘dominant time constant of
recovery, Tgom. Provided that the saturation time (7Tg,)
increases linearly with the logarithm of the flash intensity,
then the slope of the relation gives 4o, (Baylor et al. 1974;
Pepperberg et al. 1992).

Representative responses are shown at relatively low
saturating flash intensities (up to 1800 photons um™2)
for cells of the three genotypes in Fig. 3A—C; the dashed
horizontal lines denote recovery of 20% of the circulating
current (at 80% of maximal response). The behaviour of
the same three cells at substantially higher intensities is
shown in Fig. S2.

The relationships between the saturation time and the
flash intensity at the lower saturating intensities (Fig. 3E)
or over the full range of intensities (Fig. 3F) were plotted
in semi-logarithmic co-ordinates, for measurements
averaged across each rod genotype. It is clear that the
measurements cannot be explained by a single straight line
over the full range of flash intensities. Instead, we chose to
use straight lines over three separate regions: below 500,
from 500 to 5000, and above 5000 photons um™2. For the
lowest of these intensity regions the slopes of the regression
lines correspond to a Tgom low Of 0.57 and 0.41s for WT
and GRK1-tg rods (see Fig.3E). For GRK7-tg rods the
responses only just reached saturation at these intensities,
so it is difficult to estimate the slope accurately; however
it appears to be roughly similar, at 0.54 s (Fig. 3E). For
the mid-region of intensities, the slope was very similar
between the three genotypes and about double that at
the lower intensities, with the dominant time constant
in this region (Tdom mia) being 0.95s, 0.92 s and 0.96 s for
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WT, GRK1-tgand GRK7-tg rods respectively (Fig. 3E). For
the three lines of GRK7-tg animals, the values of T4om, mid
were similar between GRK7B (1.02 £0.11s, n=20) and
GRK7D (0.96 £ 0.05s, n=24), but significantly shorter
in GRK7E (0.70 & 0.03, n=4; P < 0.05, ¢ test for samples
of unequal variance).

At the highest region of saturating flash intensities there
were substantial inter-cell differences (note large error bars
in Fig.3F), but on average the slope was considerably
steeper, corresponding to longer dominant time constants
of 7.5s, 4.7s and 6.1 s for WT, GRK1-tg and GRK7-tg
rods, respectively. The apparent changes in the slope of the
relationship between T, and the flash intensity suggest
that the rate-limiting step that governs the overall rate of
recovery of the circulating current is dependent on the
number of photoisomerizations elicited by the flash.

In view of the scatter in the data, we think that the slopes
determined in the lowest and highest intensity regions
may not be very reliable. On the other hand, the slopes in
the middle region of intensities (e.g. for saturation times
of roughly 2-55) are likely to be more reliable, and our
measurements indicate that in this region there is little
difference in the dominant time constant between the
three genotypes, with each being close to 1s. This might
indicate that in this middle region the dominant time
constant is determined by the lifetime of activated trans-
ducin/PDE rather than by the rhodopsin lifetime.

For GRK1-tg zebrafish, the lack of an obvious change in
dominant time constant in the middle region of intensities
is consistent with the results of Krispel ef al. (2006) in
mouse rods, where over-expression of GRK1 had little
effect on Tgom. On the other hand, our results suggest that
in both the lower and higher intensity regions the time
constant may be somewhat shorter in GRK1-tg rods than
in either WT or GRK7-tg rods, as might be expected if the
dominant time constant in those regions was set by the
level of GRK1; however, these are the regions where the
data are least reliable.

As a further indicator of response time-course,
we attempted to measure the kinetics of the
Na'/Ca*",K"-exchange current in the bright-flash
responses, but we were unable to resolve this component
of current in our recordings. Representative responses to
intense flashes are illustrated in Supplemental Fig. S2 on
a slow time base, and inspection of the traces shows no
obvious sign of any resolvable component of exchange
current. Thus we cannot provide information on the
kinetics of changes in intracellular Ca®* concentration in

zebrafish rods.

Kinetics of dim flash responses

Responses to dim flashes were recorded from
representative rods of each genotype (Fig.4A-C) and
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averaged responses across each genotype are shown in
Fig.4D. In each case, the ‘dim’ flash was one eliciting
a response of ~10% of maximum; because of the lower
sensitivity of the GRK7-tg rods, the flash intensity required
was 5-10 times higher than for WT rods. The curves fitted
in Fig. 4 are the ‘Poisson kinetics’ function used previously
for toad rods by Baylor et al. (19794) as their eqn (3)

r(t) oc "' exp(—1t/1) (3a)

ri) (ot \" t
rpeak N (tpeak) exp |:(n B 1) <1 B tpeak)] ’ (3b)

Here nis the Poisson exponent representing the number of
cascaded stages of equal time constant. The first unscaled
form, eqn (3a), uses that time constant, 7, to characterize
the response time course. In the second form, eqn (3b),
the response r(t) is normalized to a peak amplitude of
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T'peak Which occurs at a time-to-peak of fp,e, that is given
by tpeak = (n—1)7.

For WT (Fig.4A) and GRKl1-tg (Fig.4B) rods, we
obtained good fits with n=4 and with values for
tpeak Of around 0.6s. For GRK7-tg rods (Fig.4C), the
responses were more asymmetric, requiring a smaller (and
sometimes non-integer) exponent n of 2-3, together with
a longer time-to-peak. For the populations of rods from
which we recorded, the dim flash times-to-peak were 0.57,
0.54 and 0.84 s for WT, GRK1-tg and GRK7-tg genotypes
(Table 1). We also measured the integration time ()
defined as the area under the flash response divided by
its amplitude, as well as the time constant of the recovery
phase (7c) which we determined by fitting an exponential
to the tail of the response below half-maximal. These
parameters were closely similar between WT and GRK1-tg
rods, but were both roughly double in GRK7-tg rods
(Table 1).

B GRK1-tg
1.0

E beak = 0.59 8

3 n=4
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Figure 4. Dim-flash response kinetics for rods of the three genotypes

A-C, dim-flash responses from a representative rod of each genotype: A, WT, B, GRK1-tg; C, GRK7-tg. The
responses have been normalized to unit amplitude, and have been fitted with the kinetic form of egn (3) with the
parameters tpeak, N, and rpeak et as follows: A, WT. 0.68 s, 4, 0.51 pA; B, GRK1-tg: 0.59 s, 4, 1.3 pA; C, GRK7-tg:
1.3, 3, 0.59 pA. D, population mean responses for rods of the three genotypes. Normalized responses from the
individual rods were averaged across each genotype, and then re-normalized (to compensate for the reduction
that occurred because of dispersion in tpeak). The mean and SEM for the time-to-peak (and the number of rods

averaged) are listed in Table 1.
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These results show the unexpected finding that
the lowered photosensitivity of rods expressing the
cone-specific GRK7 was accompanied by slower kinetics
of the dim flash responses, whether measured by the
time-to-peak (fpek), the integration time (fiy), or the
decay time constant (7). In the Discussion, we consider
possible mechanisms that might contribute to this slowing
of the dim-flash responses. For responses to saturating
flashes, though, the dominant time constant of recovery
(Tdom.low aNd Tgom,med) in GRK7-tg rods was not obviously
longer than in the other two genotypes. As mentioned
above, the qualitative shape of the family of flash responses
in GRK7-tg rods (Fig. 3C) differed from those obtained in
WT and GRK1-tg rods.

The single-photon response: three approaches

We used three approaches for estimating the single-photon
response of the rods. (i) First, the macroscopic approach,
in which we substituted the dark current ip and
half-saturating intensity ®,,, into eqn (2), to give the
values listed in Table 1; however, this approach relies
heavily on the accuracy of our estimates of the effective
collecting area and our calibrations of the light intensity.
Two other approaches are standard in the literature: (ii)
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analysis of the variance of the responses to dim flashes,
and (iii) measurement of the histogram of the amplitude
distribution for very dim flashes (Baylor et al. 1979b; Rieke
& Baylor, 1998; Whitlock & Lamb, 1999; Burns et al. 2002;
Hamer et al. 2003). These conventional approaches are
illustrated for WT and GRK7-tg rods in Figs 5 and 6 and
for GRK1-tg rods in Supplemental Fig. S3.

We would point out that this analysis is made difficult by
the small size of the single-photon response (<0.3 pA) that
accompanies the small amplitude of the circulating dark
current (~6 pA) in zebrafish rods at room temperature. As
aresult, the signal-to-noise ratio of the recordings is poorer
than in experiments on cells with larger photocurrents.
While we achieved reasonable success with the variance
analysis approach, we experienced difficulty obtaining
reliable histograms for single-photon responses of such
small amplitude.

Single photon responses of WT zebrafish rods

Our recordings from rods of WT zebrafish demonstrated
single photon responses broadly comparable to those
found in other species. An experiment on a representative
rod stimulated with a long series of very dim flashes is

A 1 photon 1.|m'2
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Figure 5. Analysis of quantal responses in a WT rod

A, set of 12 consecutive responses from a WT rod for flashes of fixed dim intensity (~1 photon um=2) delivered at
5 s intervals, as indicated by vertical markers below the trace. Presumed unitary events (single photon responses)
are indicated by asterisks. B—D, variance analysis and histogram analysis on 73 responses of the kind illustrated in
A. B, ensemble variance, o%(t) (blue trace), together with a scaled version of the square of the mean response,
u(t)? (black trace); with a scaling factor of 1/1.8 the two traces coincided closely, yielding an estimate for the
number of photoisomerizations as ® = 1.8; see eqn (4a). C, estimated quantal response, a(t), obtained by dividing
the mean response by the estimate for ®; see egn (4b). The blue curve plots the Poisson kinetics of egn (3),
with amplitude rpeak = 0.3 pA, tpeak = 0.68 s, and n = 4. D, amplitude histogram for the 73 responses, measured
over a window 0.5 s wide centred at tpeak, and using a bin width of 0.05 pA. The blue curve plots the sum
of Poisson-weighted Gaussian components, as described in eqn (10) of Baylor et al. (1979b), using parameters:
a=0.31pA; ®(=m)=1.9; 0g = 0.045 pA; o1 = 0.045 pA.
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illustrated in Fig. 5, and average parameters from WT rods
are presented in Table 1.

The sample of 12 dim flash responses in Fig. 5A exhibits
classical photon fluctuations, with apparent failures inter-
spersed between apparent singletons (marked by asterisks)
and larger events presumed to be multiple photon hits. For
alongseries of such responses, the ensemble variance o”(t)
was found to be proportional to the square of the ensemble
mean response ((t) (Fig. 5B), as expected if the variance
is dominated by the quantal nature of photon absorption.
The mean number of photoisomerizations per flash, @,
and the mean quantal event, a(t), were estimated from
the required scaling in the usual way, using the equations

o’ (1) = u(0?/® (4a)

and

a(t) = u(0)/ . (4b)

For the traces in Fig. 5B, the required scaling of mean
squared to variance gave ® = 1.8; the single photon
response plotted in Fig. 5C had an amplitude of 0.3 pA
and was well fit by the Poisson kinetics expression of eqn
(3). For 23 WT rods we obtained the mean amplitude
of the single photon response, estimated from variance
analysis, as ay,, = 0.32 = 0.02 pA (Table 1).

We also applied conventional amplitude histogram
analysis to the same set of dim flash responses, as illustrated
in Fig.5D. We found that the shape of the histogram
was sensitive to the bin width chosen (because of the
finite number of responses per bin), so that the form
of the histogram was not especially robust. Nevertheless,
for nine WT rods, using bin widths of 0.055-0.075 pA,
the distribution featured equidistant peaks and could
be fit satisfactorily with the theoretical curve expected
for a Poisson-distributed sum of Gaussians; i.e. by eqn
(10) of Baylor et al. (1979b). In performing such fitting,
we began with the values for a and ® (termed m in
the original formulation) determined from the variance
analysis (as above), and we manually adjusted the widths
of the Gaussians, described by the parameters o, and
o1, representing the standard deviations of the failures
peak and the unitary peak, respectively. We subsequently
allowed minor adjustment of the parameters a and ®.
For the WT cell illustrated in Fig.5, a good fit to the
histogram was obtained using a =0.31 pA and ® = 1.9,
together with the other parameters listed in the legend. For
the nine WT rods, the mean value of quantal amplitude
that we obtained for the single photon response, from the
histogram fitting was ayistog = 0.32 £ 0.03 pA (Table 1).

Single photon responses of GRK1-tg zebrafish rods

Comparable dim flash analysis for a GRK1-tg rod is
illustrated in Fig. S3. Because the sensitivity of GRK1-tg
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rods was roughly 0.5 that of WT rods (Fig. 3D) we anti-
cipated that the amplitude of the single photon response
would be about half that determined above for WT rods. In
Fig. S3B, the scaling required to bring the mean-squared
response into alignment with the variance corresponded
to & = 2.4, and the scaled response in Fig. S3C provided an
estimate for the amplitude of the single photon response
of 0.16 pA. For 11 GRK1-tg rods, the mean value for the
amplitude of the single photon response, estimated from
variance analysis, was dy,, =0.19£0.02 pA (Tablel),
which is significantly (P < 0.05) smaller than the value
of 0.32 pA for WT rods.

For the cell depicted in Fig. S3, the amplitude histogram
(Fig. S3D) showed a suggestion of multiple peaks, and
could be fit by the sum of Gaussians formulation using
parameter values of a=0.17pA and ® =2.25, quite
similar to the values estimated above from the variance
analysis. Although the fit of the curve in Fig.S3D is
respectable, we do not regard it as providing particularly
strong evidence for the magnitude of the quantal event.
Because of the smaller amplitude of the underlying quantal
event in GRK1-tg rods, in the presence of a similar level of
recording noise, we were unable to rely on the histogram
approach for rods of this genotype.

In comparing the estimated amplitudes of the
single-photon events between WT and GRK1-tg rods
obtained using the different approaches, we note that the
macroscopic value (dmacro) 18 ~2/3 that of the estimates
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Figure 6. Conventional analysis of quantal responses in a
GRK7-tg rod

A, sample of 14 consecutive responses from a set of 30 responses
obtained at an intensity of ~5 photons um=2. B, ensemble variance,
o%(t) (grey trace), together with a scaled version of the square of the
mean response, u(t)? (black trace); with a scaling factor of 1/1.8 the
two traces coincided closely, yielding an estimate for the number of
photoisomerizations as ® = 1.8; see eqn (4a). C, estimated quantal
response, a(t), obtained by dividing the mean response by the
estimate for @; see eqn (4b). The smooth curve plots the Poisson
kinetics of egn (3), with amplitude rpeak = 0.31 PA, tpeak = 1.3,
and n=3.
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from the variance and histogram methods (ay,; and dygo)-
We presume that the smaller size of the macroscopic
estimate stems from a slight but systematic error in the
calculation of photoisomerizations, resulting either from
a calibration error in the incident light intensities, or from
a shortcoming in the estimate of effective collecting area.
We conclude that for WT and GRK1-tg zebrafish rods
the mean amplitude of the response to a single photo-
isomerization of a rhodopsin molecule is about 0.3 pA
and 0.2 pA, corresponding to suppression of about 6%
and 4% of the circulating dark current.

Single photon responses of GRK7-tg zebrafish rods:
conventional analysis

Single-photon response analysis is possible when the
amplitude of the quantal event is reasonably large in
comparison with the instrumental recording noise. For
rods of GRK7-tg zebrafish, which exhibited low sensitivity,
and for which the apparent (macroscopic) quantal event,
Amacro> Was roughly six times smaller than for WT rods,
we anticipated that detection of quantal events might be
difficult. Experiments using a similar flash intensity to that
in Fig. 5 confirmed that little could be resolved with low
intensity flashes (see Supplemental Fig. S4). At this low
intensity, the mean response was small (around 0.05 pA)
and almost no response variability could be detected; thus,
the variance trace showed no obvious time-dependence
(Fig. S4C). However, we found that by using a higher flash
intensity (for example, 5-fold higher in the experiment in
Fig. 6 than for WT rods), we were able to detect quantal
fluctuations.

Although there was substantial variability in the
response amplitudes obtained for a series of identical
dim flashes, it was not clear from inspection whether
any response failures were present within the set of
responses (Fig. 6A). The variance trace o”(t) in Fig. 6B
exhibited a substantial time-dependent component,
whose time course was synchronous with that of the
mean-squared response p(f)?, with a vertical scaling
corresponding to ® = 1.8. Using this value of ®, the pre-
sumed single-photon response, ay,(#) (Fig. 6C), had an
amplitude of 0.31 pA. However, as the analysis in the next
section illustrates, these estimates are not reliable.

Two classes of quantal response for rods of GRK7-tg
zebrafish?

The finding of substantial variability (Fig.6B), yet the
absence of obvious responses with zero amplitude
(Fig. 6A), led us to suspect that the responses might
comprise the combination of a relatively constant under-
lying response waveform together with a superimposed
fluctuating response. In particular, we wondered whether
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two classes of response might be present simultaneously:
namely, a few larger ‘quantal’ events (giving variability),
superimposed on a roughly constant response resulting
from a substantial number of quite small events. To
investigate this idea, we needed to formulate an explicit
proposal that the responses of GRK7-tg rods comprise
the sum of two kinds of event, and then we needed to
test whether the recorded responses display the properties
expected from such a model.

Two-component model. We examined the hypothesis
that the dim flash responses of rods from GRK7-tg
zebrafish represents the sum of two components:

r(t) = () + rs() (5)

where r(t) and rg(¢) are the responses to the larger
and smaller events, possibly contributed by activated
rhodopsin molecules (Rh*) that are shut-off by GRK1
and GRK7, respectively (see Discussion). For simplicity,
we made two assumptions. Firstly, we assumed that the
variance arising from the smaller events is negligible
compared with that from the larger events, i.e. that
03(1) ~ 0. This means that each of the small responses
has exactly the same amplitude and time course; i.e.
that rs(t) = us(t) = ®sas(t) where ®ds is the number
of isomerizations eliciting ‘small events’ and as(t) is
their elementary amplitude. Secondly, we assumed (as
previously) that the variance of the larger responses is
dominated by the Poisson nature of photoisomerizations,
i.e. that fluctuations about the mean quantal amplitude
may be ignored.

Predictions of two-component model. On this basis,
we would expect to be able to describe the amplitude
histogram for dim flash responses from a GRK7-tg rod as
the theoretical curve for the large (quantal) responses plus
an offset corresponding to the fixed size (at this intensity)
of the small responses. A trace calculated in this way
provided a good fit to the observed histogram (Fig. 7B). As
explained below, this curve has an offset of g = 0.18 pA
(corresponding to the invariant amplitude of the small
responses), while the large events had a quantal amplitude
of ap &~ 0.22 pA.

Protocol. A sample of 10 out of the 76 raw responses
obtained at a fixed low flash intensity is shown in Fig. 7A,
and the ensemble mean of all 76 responses is plotted as
wr(t) in Fig. 7C. We first needed to obtain an estimate of
the response elicited by the small events alone. Then, by
subtraction, we could obtain the set of larger responses.
The amplitude of each of the 76 individual raw
responses was determined by least-squares fitting of eqn
(3), with n=2.5 and with #,., allowed to vary. The
resulting amplitude histogram (Fig. 7B) exhibited a first
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peak near 0.2 pA together with a dip near 0.3 pA and  we chose to set a selection window symmetrically around
another peak near 0.4 pA. that peak (from 0.08-0.28 pA, see linked arrows in

Fig. 7B); within this window there were 32 responses.
Mean response elicited by the smaller events. Inorderto ~ The mean of those 32 responses (Fig. 7C) was taken as
obtain an estimate of the smaller responses alone (i.e.those ~ an estimate of the (constant) smaller response at this
responses making up the left-most peak in the histogram), flash intensity, i.e. an estimate of rg(¢) = us(#). The time
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Figure 7. Two component analysis of GRK7-tg rod responses

A different rod from a GRK7-tg zebrafish was stimulated with a series of 76 flashes delivering ~8 photons um=2.
A, sample consecutive responses. The amplitude of each individual response was determined by least-squares
fitting each trace with egn (3) (with n = 2.5 and with t,c.¢ constrained to be in the range 1.0-1.5 s). B, amplitude
histogram for the 76 responses, plotted using a bin width of 0.077 pA. The smooth curve plots a laterally shifted
sum of Poisson-weighted Gaussian components, with an offset of 0.182 pA (see Results), and with remaining
parameters: a = 0.23 pA; ® =0.99; oo =0.062 pA; o1 =0.045pA. C and D, analysis of ‘small responses’,
defined as those responses with an amplitude lying between the lower and upper threshold levels of 0.08
and 0.28 pA indicated in the amplitude histogram in B. C, ensemble mean wr(t) of all 76 responses, together
with ensemble mean us(t) of the selected small responses (32 from 76 responses); the curve fitted to us(t) is the
Poisson kinetics of egn (3), with rpeak = 0.18 pA, tpeak = 1.4's, and n =2.5. D, ensemble variance o2(1) for the
same selected responses (red trace), compared with the square of the ensemble mean us(t)? (black trace) from
C. E and F, analysis of responses to the ‘large events’, defined as the 76 raw traces after subtraction of the mean
small response us(t) determined in C. E, ensemble mean of the large responses, (). F, ensemble variance of the
large responses, o2 (t) (red trace), together with a scaled version of the square of the mean of the large responses,
uL(t)? (black trace); with a scaling factor of 1/0.65 the two traces coincided, yielding an estimate for the number
of photoisomerizations underlying the large responses of ® = 0.65; see eqn (4a). G, estimated quantal response
of the ‘large events’, a (t), obtained by dividing the mean response in £ by the estimate for ®; see eqn (4b). a.(t)
was fit with the Poisson kinetics of eqn (3), with rpeak = 0.24 pA, tpeak = 1.04 s, and n = 2.5. For this cell, the
macroscopic sensitivity was lower than in other GRK7-tg rods, with Q1,2 ~ 100 photons um~=2 compared with
the mean of 55 photons um=2 (Table 1).
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course of this response was well described by eqn (3) with
Tpeak = 0.18 PA, tpeak = 1.4s, and n=2.5. The variance
trace o (#) in red had no obvious component synchronous
with the mean-squared trace, us(t)? (Fig. 7D), as expected
if these selected small-amplitude traces are indeed drawn
from a distribution with negligible variance. It needs
to be emphasized that these small responses with an
amplitude of ~0.18 pA were not single-photon responses;
instead we presume them to be responses to a sub-
stantial number ®g of isomerizations that generated very
small quantal events, as(t). As the test flash intensity
was 8 photons um™? and the effective collecting area was
2.0 um? (Table 1), we estimate ®g ~ 16 isomerizations, so
that the amplitude of the underlying small events would
have been as ~ 0.012 pA in this cell.

Mean response elicited by the larger events. We next
determined the raw responses that remained in the absence
of the small responses; i.e. we estimated the individual
‘large responses’ (including both failures and successes).
Thus, from the assumption in eqn (5) that each of the
raw responses includes a (variable) large response plus the
fixed mean of the smaller responses, we took each of the
raw traces and subtracted the Poisson curve (eqn (3)) that
had been fit to us(#), to obtain the set of larger responses,
r1.(t). The mean, w1 (t), of these larger responses is plotted
as the noisy trace in Fig. 7E. This trace is an estimate of
the mean response to some (as yet unknown) number &
of the larger (quantal) events ay (¢); i.e. it is an estimate of
pr(t) = Pra(1).

Size and number of the larger events. Next, we applied
variance analysis to the entire ensemble of responses
(Fig. 7F). Given that we assumed the variance of the
responses to the small events to be negligible, o3(1) ~ 0,
then the variance o (¢t) for the entire ensemble (red trace)
will represent the variance o7 (f) contributed by the large
responses alone. Accordingly, we compared this variance
trace with a scaled version of the square of the mean
response to the large events, up(#)* (black trace). The
required vertical scaling in Fig. 7F corresponds to a mean
number of larger events of ®; = 0.65. Finally we divided
the mean p (#) by this value of @ to obtain our estimate
for the larger (quantal) events, ar () (Fig. 7G). This trace
had an amplitude of a; = 0.24 pA, and was fit with eqn
(3) using fpesx =1.04 s and n=2.5. For comparison,
application of conventional variance analysis (assuming
only a single class of event) to the same flash responses
yielded quite different values, a=0.16 pA and & =2.2.

Conformity to predictions. Having applied this analysis,
we needed to check whether the experimental observations
conform to the predictions of the two-component model,
and we found no grounds for rejecting the hypothesis.
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First, the variance of the presumptive small responses was
close to zero (Fig. 7D), as predicted. In addition, the first
peak (‘large failures’) in the amplitude histogram (Fig. 7B)
had an offset of 0.182 pA, consistent with the value of
0.18 pA predicted from the mean amplitude of the pre-
sumptive small events. Finally, the spacing between the
peaks in the amplitude histogram of ~0.23 pA (Fig. 7B)
is broadly consistent with the amplitude a; of the large
events of 0.24 pA (Fig. 7G), and moreover the histogram
is reasonably well described by the theoretical curve.

Collected measurements for GRK7-tg rods. Overall, for
GRK7-tg zebrafish, we were able to apply conventional
variance analysis and histogram analysis to 14 rods.
However, the interpretation of this analysis is limited by
three factors: (i) the poor signal-to-noise ratio associated
with the small quantal event amplitude, (ii) the likely
shortcomings of the conventional analysis, if it is indeed
the case that more than one class of quantal event exists
in GRK7-tg rods, and (iii) the finite numbers of responses
that we were able to obtain (from 30-196) in different
cells. Using the conventional variance approach (Fig. 6),
the mean amplitude of the events in a single-component
description was obtained as ay,, =0.32 +0.032 pA (14
rods). Using histogram analysis of GRK7-tg rods (Fig. 7B),
it appeared that the ‘failures’ peak was always offset
positively from 0pA, and for the 14 rods this offset
averaged approximately 0.2 pA. In contrast, for 23 WT
rods, no such offset was required in fitting the amplitude
histogram, and the ‘failures’ peak always appeared to be
centred at 0 pA (see, for example, Fig. 5D). In addition, for
each of the GRK7-tg cells, the separation between the peaks
in the histogram appeared quite similar to the estimate of
quantal amplitude obtained using the variance method
in the same cell, and from the curves that we fitted to
the amplitude histograms we obtained a mean quantal
amplitude of apjsog = 0.27 & 0.03 pA (14 rods).

Thus, in all 14 GRK7-tg rods that we analysed, the
values of ay,, and ayi0g Were comparable to those
obtained in WT rods, yet the ‘failures’ peak was always
offset from zero. For five of these 14 rods we were
successfully able to apply the separation of components
analysis, and we obtained the mean amplitude of the
larger (quantal) events as a; = 0.34 £ 0.02 pA. For the
remaining nine cells we have no reason to doubt the
existence of two components, but because of the relatively
poor signal-to-noise ratio associated with sub-picoamp
responses, combined with the more demanding processing
required for the separation of components approach, we
were not able to apply that analysis successfully.

This estimate of a; =0.34 +0.02 pA for the ‘larger’
quantal event amplitude in the five GRK7-tg rods is only
marginally greater than the conventional estimates, of dy,,
and apigog, in the 14 GRK7-tg rods, but for the reasons
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set out above we regard it as being likely to be a more
reliable estimate. For the same cells, the mean offset
(response to the smaller events) was 0.28 &= 0.05 pA, and
from the flash intensities used the mean amplitude of the
smaller events was estimated as = 0.022 £ 0.005 pA (see
Table 1). The mean value of the ratio of event amplitudes
was ar/as = 16 £ 2.3. Other mean parameters from our
experiments on these five rods were: &) =0.6+0.1,
&g = 13.3 £ 1.7, and the ratio ®5/P; =22 + 1.5.

Amplification constant of phototransduction

The amplification constant, A, characterizing the cascade
of phototransduction reactions can be determined from
the electrical response, provided that a reliable estimate is
available for the number of photoisomerizations elicited
by the flash of light (Lamb & Pugh, 1992; Pugh & Lamb,
1993). The intensity calibration is unambiguous when the
single-photon response is known.

Amplification constant from single-photon responses.
For dim flashes, the generalized equation for the rising
phase of the response simplifies to

R() = %m(r— ) (©)

where R(#) = r(t)/rmax is the fractional response, @ is the
number of photoisomerizations, and t. is an effective
delay time that combines a number of short delays
in phototransduction together with a delay caused by
electrical filtering (Lamb & Pugh, 1992; Pugh & Lamb,
1993). In the special case of the single-photon response,
we have @ = 1. The magnitude of the delay time . can
best be determined from the fit obtained for responses to
flashes of higher intensity (see below).

Figure 8A plots single-photon responses, determined by
using variance analysis and then normalized as a fraction of
the circulating current, for three representative cells. These
fractional responses, R(t), were fit with the parabolic rise
predicted by eqn (6); to minimize the distorting effects
of inactivation steps, the fitting was restricted to times
earlier than 250 ms after the flash. The fitted values of the
amplification constant (obtained with ® =1) for these
three cells were A= 1.5, 0.8 and 1.2 s™* for WT, GRK1-tg
and GRK7-tg, respectively. The mean values of A for cells
of the three genotypes are collected in Table 1, and were
1.5, 1.1 and 0.9 s72. From the flash intensity used to elicit
the single-photon responses, we calculated ‘functional’
effective collecting area; thus, if the number of photo-
isomerizations was determined as & for a flash delivering
Q photons um™2, then the functional collecting areas was
calculated as A. = ®/Q. We obtained A. =1.99, 1.8 and
0.08 um? for the illustrated cells and means of A. = 1.95,
1.57 and 0.32 um? for cells of the three genotypes (see

© 2011 The Authors. Journal compilation © 2011 The Physiological Society

Responses of zebrafish rods expressing GRK7

2339

Table 1); note that the small value of functional collecting
area in GRK7-tg rods applies for eliciting the ‘large events’.

Amplification constant from flash family responses.
Figure 8B—D plots families of responses, from dim
to saturating flashes, for the same three cells whose
single-photon responses were analysed in Fig.8A. A
relatively fast time scale was used, to emphasize the onset
phase of the responses. Each family of responses was fit
as an ensemble, using the prediction of the Lamb & Pugh
model filtered by the cell’s capacitive time constant (as
described by equation (5) of Smith & Lamb (1997); the
numbers of photoisomerizations ¢ were calculated from
the light intensity calibrations together with the effective
collecting areas determined above from the single-photon
responses. From the fits for the responses to brighter
flashes, we constrained the capacitive time constant to
Cm = 5 ms and the residual delay to 43 ms (giving a total
effective delay time in Fig. 8A of f.x = 48 ms). The quality
of the ensemble fit to the rising phase of the responses
was good for the rods of each genotype. The amplification
constants derived from the ensemble fitting to the flash
families were 1.8, 1.0 and 1.4 s~2 for the WT, GRK1-tg and
GRK7-tg rods, respectively, slightly higher than the values
obtained above for the fits to the single-photon responses.
The difference between the sets of estimates probably arose
from the fact that the single-photon responses were fit to
a somewhat later time (250 ms) than is strictly justified
by the requirement in the Lamb & Pugh model that
inactivation reactions must not have set in.

The mean values of the amplification constant for rods
of the three genotypes are listed in Table 1. For GRK1-tg
rods, the amplification constant was about two-thirds that
in WT rods, while in GRK7-tg rods it was about half
that in WT rods. These values accord reasonably with
the observed changes in transducin (GNAT1) expression
levels shown in Fig. 1F, of roughly 1:0.9:0.5, as expected
if the differences in amplification constant simply reflect
differences in transducin levels in the outer segments (see
Discussion).

Optokinetic response in transgenic zebrafish

To test whether the expression of GRK7 in rods affects
the visual performance of zebrafish, larvae from one
of the GRK7-transgenic lines (GRK7B) were subjected
to a behavioural test based on the optokinetic response
(OKR). Most previous studies of OKR in larval zebrafish
have employed bright light conditions aimed at analysing
photopic (cone) vision (Brockerhoff et al. 1995; Neuhauss
et al. 1999), and we are not aware of attempts to isolate
the rod-mediated OKR in larval zebrafish. In the pre-
sent study we have developed a new system for measuring
OKR, that allows us to study responses mediated by the rod
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pathway. The major changes we employed were as follows.
Firstly, the eclipse mutation, causing cone degeneration
in homozygous larvae (Nishiwaki et al. 2008), was bred
into the GRK7-transgeniclines to eliminate cone function.
Secondly, measurements of OKR were performed on
larvae at 21 days post-fertilization (dpf), because rod
signalling is not detected until about 15 dpf and is not
robust until about 21 dpf in zebrafish larvae according
to measurements of the electroretinogram (Bilotta et al.
2001). Using these changes we successfully measured
rod-mediated OKR from fish with and without GRK7
transgene expression (Fig. 9A).
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We measured the optokinetic response of larvae under
a series of light intensities, from dim to brighter.
Representative responses from a 21dpf GRK7B-tg
cone-less larva are illustrated in Fig. 9A at two intensities:
dim and bright. At the lower light intensity (middle
row), the larva exhibited clear OKR: when the drum
was rotating either clockwise, CW, or counter-clockwise,
CCW, there were smooth tracking movements of the
eyes in the direction of the drum rotation, with frequent
interruptions by saccades; when the drum was stationary
(indicated ZERO) such tracking movements disappeared.
At the brighter intensity (bottom row), the eye movements
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Figure 8. Estimation of the amplification constant (A) for representative rods of the three genotypes,
from single-photon responses (A) and from families of flash responses (B-D)

A, onset phase of single-photon response, avar(t), for a representative rod from WT (blue), GRK1-tg (red), and
GRK7-tg (green) zebrafish. The parabolas (broken lines) plot the fitted predictions of eqgn (6), giving A =1.5,
0.8, and 1.2 572 respectively. The effective delay time was constrained to te = 48 ms for each cell, according
to the fitting for bright flash responses. For the flash intensities used, these single-photon responses yielded
‘functional’ effective collecting areas of Ac = 1.99, 1.8 and 0.28 um? for the three cells. B-D, families of flash
responses (black lines) for the three rods in A, fitted with the predictions of the Lamb & Pugh model including
capacitive time constant (coloured lines; using egn (5) of Smith & Lamb (1997); the end time for the calculation
of fit was varied from 130 ms for bright-flash responses to 250 ms for dim-flash responses. In order to provide an
appropriate fit to the responses to brighter flashes, the capacitive time constant was set to 5 ms, and the residual
delay of the remaining stages was set to 43 ms, giving a total effective delay time of tess = 48 ms (used above
in A). The numbers of isomerizations were determined by extrapolation from the intensities that elicited a single
photoisomerization according to the ayar analysis (which we used above to extract the functional effective collecting
area). B, WT rod. Flashes delivered from 1.8-900 photoisomerizations for the collecting area of 1.99 um?; fitted
amplification constant A = 1.8 s=2. C, GRK1-tg rod. Flashes delivered from 1.7-442 photoisomerizations for the
collecting area of 1.8 um?; fitted amplification constant A= 1.0s"2. D, GRK7-tg rod. Flashes delivered from
1.2-252 photoisomerizations for the collecting area of 0.28 um?; fitted amplification constant A = 1.4 s=2.
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did not appear to correlate with the drum rotation, but
instead appeared to be random, and comparable to those
when the drum was stationary at the lower intensity.
Cone-less fish exhibited detectable OKR over only a
restricted range of light intensities. Thus, there was a lower
threshold (minimum intensity) below which they did not
show OKR, as well as an upper limit (maximum intensity)
above which they did not show OKR; the lower threshold
showed considerable fish-to-fish variation, whereas the
upper limit showed far less variation. Here, we focused
on the maximum intensity (upper threshold), which we
presume corresponded to the intensity that saturates the
rod pathway.

The maximum intensity at which OKR occurred was
determined for each fish, and the distributions of the
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collected results are plotted in the histograms of Fig. 9B, for
GRK7B-tg fish (red upward bars) and for non-transgenic
siblings (blue downward bars), at the two speeds of the
drum rotation; all the fish were functionally cone-less. At
both speeds of rotation, the maximal intensity for OKR
peaked at a log intensity of —2.6 for animals lacking the
GRK?7 transgene, whereas for animals expressing the trans-
gene the peak was shifted to the right, to a log intensity
of —2.0. At the slower speed of rotation (1.5 rpm; left
panel), the difference was significant at P =0.011, while
at the higher speed of rotation (3 rpm; right panel), the
difference was significant at P = 0.00020. Similar results
were obtained in experiments with another GRK7-tg line,
GRKT7E (data not shown). These results indicate that, in
intact larvae, the light intensities at which the rod pathway
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Figure 9. Optokinetic responses for rod-mediated vision of zebrafish larvae deficient in cone function
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A, representative measurements of OKR and their analysis. Top, time course of drum rotation. The drum first
rotated clockwise (CW) and then counterclockwise (CCW) at 1.5 rpm. After a resting period (ZERO), it rotated at
3 rpm in a similar manner. The horizontal bars at the top indicate the periods used for data processing. Middle
and lower panels, representative measurements of eye orientation for two intensities of illumination; —2.0 and
—0.9 log units. Middle, at low intensity, the larva showed OKR, consisting of smooth pursuit eye movements
followed by rapid saccades (asterisks) in the opposite direction. Bottom, at high intensity, the same larva did not
display OKR and the eyes moved apparently at random. B, comparison of maximum light intensity to induce
OKR for rod-mediated vision in non-transgenic and GRK7-transgenic larvae. In each fish and for each speed,
we determined the maximum light intensity at which they showed OKR. The bar graphs plot the distributions
of the numbers of fish exhibiting the indicated maximal intensities for eliciting OKR. The distribution for the
GRK7-transgenic larvae (red upward bars) was significantly shifted to the right (i.e. to higher intensities) compared
with the distribution for non-transgenic larvae (blue downward bars), as statistically examined by Mann-Whitney's
U test (left, P=0.011; right, P = 0.00020). C, averaged eye velocity for non-transgenic larvae (blue symbols) and
GRK7-tg larvae (red symbols) plotted as a function of light intensity. The direction of rotation is indicated: CW,
filled symbols, continuous lines; CCW, open symbols, broken lines. Averages with SEM from 16 GRK7-tg fish and

19 non-transgenic fish are shown.
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can operate are higher (possibly by around 4-fold) in
animals expressing the GRK7-transgene than in siblings
lacking the transgene.

The upward shift in the operational range of the rod
pathway in GRK7-tg fish was further supported by a more
detailed analysis of eye velocity (Fig. 9C). The mean eye
velocity of rod-mediated OKR was calculated for each trial
and normalized to the highest value (maximum velocity;
Supplemental Fig. S5) obtained for each larva over the
range of the tested light intensities (see Methods). The
normalized eye velocities were plotted as a function of light
intensity (Fig.9C). For each speed of OKR stimulation
(1.5 or 3rpm), the intensity—velocity relationship for
GRK7B-tg was clearly shifted to higher light intensities
(rightward) compared with non-tg controls, as the velocity
peaked at log intensities around —3.0 for GRK7-tg and
at between —4.0 and —3.0 for non-tg. The shift in the
intensity—velocity curve is consistent with the difference
in light sensitivity between GRK7-tg and wild-type rods
(Fig. 3, and see also Fig. 10 below). It should be noted that
the maximum velocity for GRK7-tg animals was as fast as
that for non-transgenic controls (Fig. S5). Thus the rod
pathways in GRK7-tg and non-transgenic animals may
have comparable abilities in discriminating the striped
stimuli of the rotating drum, despite the fact that the
GRK7-tg rods themselves have slower photoresponse
kinetics (Figs 3, 4).

Electrophysiological responses of rods to repetitive
steps of light

The stimulus regime in the OKR experiments
corresponded to temporal modulation of the illumination
atany point on the retina according to a square wave, with a
temporal frequency of 0.5 Hz at the faster rotational speed
(see Methods). Hence, to investigate the cellular basis for
the observed OKR results, we measured the responses of
isolated rods, from either WT or GRK7-tg adult zebrafish,
to square-wave illumination delivered as 10 cycles of 1s
on and 1 s off, at a range of light intensities. Results from
a representative rod of the two genotypes are illustrated in
Fig. 10A and B.

For rods of both genotypes, there was a range of
intensities over which the electrical response was sub-
stantial, and broadly in-phase with the stimulation.
However, as expected for their lower sensitivity, the
required intensity range was higher for GRK7-tg rods
than for WT rods. For example, at the highest intensity
in Fig. 10A,B (867 photons um™2s~!, bottom row), the
GRK7-tg rod was still responding whereas the WT rod
was saturated.

To quantify the mean size of the response to
square-wave illumination, we calculated the amplitude
of the fundamental component (0.5 Hz) of the response,

F. Vogalis and others

J Physiol 589.9

using Fourier analysis (see Methods). Figure 10C shows
the amplitude spectrum of the responses obtained for the
two cells in Fig. 10A and B, at the second lowest intensity
(14 photons um™2 s~!); as expected the largest component
is at 0.5 Hz. For each cell, we normalized the amplitude
of the 0.5 Hz component to the largest value obtained at
the tested intensities. Then we averaged these normalized
amplitudes across cells (6 WT and 6 GRK7-tg rods), and
plotted the mean normalized amplitudes as a function of
the intensity of the square-wave stimulation in Fig. 10D.

There was a clear rightward shift of the response
envelope in Fig. 10D for the GRK7-tg rods, compared with
the WT rods. This shift corresponded to an approximately
4-fold higher intensity in the GRK7-tg rods. Thus, these
results provide an explanation for the results of the
OKR studies. They indicate that the observed increase
in the maximum intensity of white-bar stimulation that
evokes OKR responses in cone-less GRK7 transgenic larval
zebrafish (compared with WT counterparts) can indeed
be explained by the lower sensitivity of their rods.

Discussion

In this study we have investigated the role of GRKs
in determining the physiological response properties
of photoreceptors, by generating transgenic zebrafish
ectopically expressing either GRK7 or GRK1 in their
rods, and by then measuring the electrophysiological
characteristics of single-cell responses and the behavioural
responses of intact animals.

Transgenic zebrafish as a platform for investigation
of phototransduction

Our study establishes the zebrafish expression system as
a convenient platform for the investigation of specific
components of the phototransduction cascade, though
the small magnitude of the circulating dark current
(~6pA at room temperature) places constraints on
the measurements that can be made. Our single-cell
measurements demonstrate that the response properties
of WT zebrafish rods are closely similar to those of other
vertebrate species, including mammals when allowance is
made for the temperature difference.

In recent studies of vertebrate phototransduction, the
mouse has become the most commonly used model,
because of the availability of gene targeting techniques in
this species. Recordings of photoresponses from knockout
mice and transgenic mice have revealed the physiological
roles of various phototransduction proteins. Another good
transgenic platform is Xenopus, as the large dimensions of
its rods permit analysis of the localisation of proteins.

In comparison with these species, zebrafish provide
several advantages for phototransduction studies. Firstly,
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in comparison with the very low proportion of cones
(~3%) in mouse, the zebrafish retina contains a high
proportion of cones (~50%; Wada et al. 2006), thereby
making the study of cones, and hence of rod/cone
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GRK7E-ig rod
ph. pm?s™

s T L r L Vo L PR

— 4

A A Ao A A
AW Sy S NV N o

Wiemlre Y

" ARAAA AN AARN
VYV VY Y YWY
ANAR uoaf .
L [ L} Y
W
sl Yo

—nnnnnnnmnnmn 217

MM e N W s ey

L, T

— nanannunnn . 867

—— WT
1.0 —=— GRK7

0.8
0.6
04
0.2
0.0

10° 10" 102 108 1Q¢
photons pm~2s™

Figure 10. Responses of zebrafish rods to repetitive steps of light at 0.5 Hz

Stimuli consisted of 10 steps of light of 1 s duration, separated by dark periods also of 1 s duration. A, responses of
a representative WT rod to stimulation at progressively higher intensities. Rectangular traces below each response
mark the time course of illumination. At the highest intensity the response remains saturated during the intervals of
darkness between the steps of illumination. B, responses of a representative GRK7-tg rod to illumination of identical
time course and intensity as in A. The response is negligible at the lowest intensity, and at the highest intensity the
response does not remain in saturation during the dark intervals. C, amplitude spectra of the responses at a single
intensity (14 photons um=2 s=1), for the traces in A and B, computed by fast Fourier transform (FFT) analysis.
Segments of 20.48 s duration were selected, comprising 4096 points sampled at 200 Hz, beginning at stimulus
onset; the amplitudes have been normalized relative to the maximum amplitude of the fundamental (0.5 Hz)
component in each rod. Note the smaller relative amplitude of the fundamental component in the GRK7-tg rod
(red trace). D, averaged amplitude of the fundamental component as a function of light intensity for WT and
GRK7-tg rods; results from 3-6 cells have been averaged at each intensity. For GRK7-tg rods the relationship is

shifted to the right (to higher intensities).
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the effect of transgene expression, particularly when the
levels of other phototransduction proteins may be affected
by the introduction of the transgene (e.g. as observed
in Fig. 1). Moreover, zebrafish are easy and inexpensive
to maintain. For single-cell electrophysiology, significant
advantages are that the rods of zebrafish are larger than
those of mice, and therefore easier to record from, and the
recordings can be performed at room temperature rather
than at 37°C. For the future, it is likely that the recent
progress that has been made in the identification of gene
promoters that induce specific expression in rods or cones
will further enhance the advantage of zebrafish.

On the other hand, the use of zebrafish has certain
limitations. One of the most important is the lack of
availability of the homologous recombination technique,
which is required for targeted mutagenesis, i.e. production
of knock-in animals. However, an alternative method
using zinc finger nuclease for targeted gene disruption
has recently been developed in zebrafish (Doyon et al.
2008; Meng et al. 2008; Foley et al. 2009). If this could be
combined with a reliable method of transgene expression,
such asbacterial artificial chromosome (BAC) transgenesis
(Yang et al. 2006; Suster et al. 2009), then this drawback
would be overcome. A second limitation is the relatively
small size of the circulating dark current, which places
constraints on electrophysiological experiments. Finally,
although the responses of zebrafish rods appear closely
similar to those of other vertebrate species, it is possible
that differences from mammalian photoreceptors may be
present.

Interpretation of the experiments

Our results show that expression in zebrafish rods of the
‘cone-specific’ GRK7 (along with the endogenous GRK1)
led to a large reduction in sensitivity to light, though not
to as low a level as seen in cones. Even though part of
this reduction was due to lowered levels of transducin
expression (see below), it seems clear that the isoform of
GRK expressed in zebrafish photoreceptors (GRK1 in rods
and GRKY in cones) plays a key role in setting the cell’s
flash sensitivity. In contrast to the effect on sensitivity,
the time course of the dim-flash light response in the
GRK7-tg transgenic rods was not accelerated (indeed, it
was slowed), which was unexpected; below we propose
some possible explanations.

Two caveats to our interpretations should be
mentioned. Firstly, it is possible that some of the observed
differences might be due to the high level of GRK
expression in GRK7-tg rods (~5-fold elevation) rather
than specifically to the molecular properties of GRK7.
Although we cannot rule out this possibility, the fact that
GRK7-tg rods retain a sub-class of apparently normal
quantal responses suggests that their underlying physio-

F. Vogalis and others

J Physiol 589.9

logy is little changed. Secondly, we have not been able
to take account of possible effects of altered expression
levels of other proteins involved in phototransduction.
While the levels of rod arrestin, rod guanylate cyclase,
recoverin/S-modulin and RGS9 were not significantly
changed (Fig.S1), we detected a slight reduction in
rhodopsin and a significant reduction in transducin levels
(Fig. 1); we could not obtain convincing data on GCAPs,
and we do not have information on PDE or other proteins.
Hence we cannot rule out confounding effects, such as the
possibility that the reduced level of transducin in GRK7-tg
rods might contribute in some way to the slowed response
kinetics or to a reduced efficacy of activation by R*.

Possibility of two classes of single-photon response in
GRK7-tg rods. Examination of the responses to long
series of presentations of extremely dim flashes suggested
the existence of two classes of single-photon response
in rods of GRK7-tg animals. This led us to hypo-
thesize that the great majority of incident photons trigger
small amplitude responses that contribute very little to
the response variability, as is observed in cones (Lamb
& Simon, 1977), while a small proportion of incident
photons trigger larger events exhibiting the conventional
quantal properties of rod single-photon responses. For
the cell analysed in Fig.7, the amplitude of the larger
event was estimated as ap ~0.24 pA. In the same cell,
the mean amplitude of the responses composed only of
smaller events was s = 0.18 pA at the illustrated intensity
of 8 photons um™2. The calculated ‘geometric’ effective
collecting area for GRK7-tg rods was 2 um?* (Table 1),
indicating that these flashes would have elicited ~16 iso-
merizations per flash, the great majority of which are pre-
sumed to have triggered small events. Hence the estimated
amplitude of the single-photon response underlying the
small responses is as &~ 0.012 pA, around 20-fold smaller
than the large quantal events. In fact, the value of 2 um? for
the collecting area may be an overestimate (see Results),
in which case the actual number of photoisomerizations
may have been slightly smaller, and as slightly larger.

The difference in amplitude between the larger and
smaller events recorded from the rods of GRK7-tg animals
is remarkable. This difference demonstrates the profound
effect of the sub-type of GRK in determining the sensitivity
of the photoreceptor’s response to light.

Molecular mechanism for two possible classes of
single-photon event. Because of the limited signal-
to-noise ratio in the recordings, we cannot be certain that
the events do indeed fall neatly into just two categories, of
‘small’ and ‘large’. However, if our preliminary finding
is confirmed, then it would seem likely to have an
important implication for the molecular mechanism of
response shut-off, because it would be consistent with the
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hypothesis that the size of the response depends on a single
molecular interaction; i.e. on whether the R* binds a GRK7
or a GRK1. In other words, if it is the case that an R* that
binds a molecule of GRK?7 elicits a small event, whereas an
R* that binds a molecule of GRK1 elicits a large event, then
the existence of two classes of single-photon event would
naturally be expected. We can envisage several scenarios
that might lead to a “first contact’ mechanism of this kind.

(1) In a first scenario, suppose that GRK can bind to R*
without blocking its access to transducin. Further,
suppose that binding of a GRK7 leads to rapid initial
phosphorylation, whereas binding of GRK1 leads to a
substantial delay before any phosphorylation occurs.
And finally, suppose that the mono-phosphorylated
state of R* has a substantially lower ability to inter-
act with transducin. In this case, the initial binding
of a GRK7 would trigger rapid phosphorylation
and thereby reduced activation of transducin, and
hence a response of small amplitude; but the initial
binding of a GRK1 would lead to a delay in the
first phosphorylation, during which time transducin
would be activated normally, leading to a response of
large amplitude.

(2) In a second scenario, a single molecule of
GRK might ‘bind and remain), accomplishing
the phosphorylation of multiple residues without
dissociating to allow access of a different molecule
of GRK; in this case the form of the response would
again be determined by the identity of the single
molecule of GRK that happened to bind.

(3) A third scenario might be that GRK7 and GRK1
preferentially mediate phosphorylation at different
residues. If this were the case, then the initial
phosphorylation event might provide a ‘memory’
that would influence subsequent interactions with
either GRK7 or GRK1 and thereby potentially lead to
two classes of response.

While we have no firm basis for choosing between
different models such as these, we simply suggest that
there are a number of plausible mechanisms whereby the
interaction of a single molecule of GRK could determine
the amplitude of the single-photon response.

Possible cellular basis for differences in kinetics.
Unexpectedly, the dim-flash response time course was
slower in GRK7-tg rods than in WT and GRK1-tg rods.
This slowness might be explained either by a specific effect
of GRK7 on the shut-off kinetics, or alternatively by some
abnormality in the GRK7-tg rods. In the former case,
it might for example be possible that GRK7 and GRK1
phosphorylate different residues and that this difference
affects the interaction with arrestin. However, we think
that the alternative of an indirect effect is more likely.
One contributory factor might be the lowered level of
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GRKI1 in GRK7-tg rods (Fig. 1D). Another, and perhaps
more major contributor, might be some change in the
effectiveness of the overall ‘cyclase feedback loop’, whereby
the reduced calcium concentration that accompanies the
light response acts via GCAPs to modulate the activity
of guanylyl cyclase. Any reduction in the effectiveness of
this loop will both slow the recovery of the dim-flash
response and increase its amplitude, as occurs for example
in GCAPs™/~ rods (Burns et al. 2002). In fact, the slowing
of response recovery in photoreceptors has a powerful
effectin increasing the dim-flash response amplitude, with
the sensitivity S typically varying with the time-to-peak
tpeak according to a power law (S o tgeak) with an exponent
of n= 2-3 (Baylor & Hodgkin, 1974; Baylor et al. 1980).
Thus an increase in time-to-peak of just 25-40% may
typically lead to a doubling of the dim-flash response
amplitude.

Activation efficacy. The efficacy of the activation
reactions in rods of the three genotypes can be evaluated
by comparing the amplification constant (A) of photo-
transduction (Lamb & Pugh, 1992; Pugh & Lamb, 1993).
We obtained A= 1.5, 1.1 and 0.9 s? in WT, GRK1-tg and
GRK?7-tg rods (Table 1); note that the value for GRK7-tg
rods relates to the large events, and the value for the
small events would be around 20 times smaller. It is inter-
esting that the ratio of the three values correlates well
with the expression levels of transducin in rods of the
three genotypes, which were found to be in the ratio
of approximately 1:0.9:0.5; thus, the transducin level in
GRK7-tg rods was around 50-60% of WT. This correlation
is as expected if the amplification constant in rods of the
three genotypes is proportional to the transducin level in
the outer segments, as has been predicted theoretically
(equation (2.2) of Lamb & Pugh (1992)), and observed
experimentally in rat rods when transducin migrates as
a result of light exposure (Sokolov et al. 2002); this is
also consistent with the reduced sensitivity in mouse
rods heterozygote for transducin knock-out (Calvert et al.
2000). These extracted values of amplification constant are
also consistent with the observed values of single-photon
response amplitude; thus, although GRK7-tg rods had
an amplification constant about half that of WT rods,
they also exhibited a time-to-peak about 40% longer,
which might be expected to roughly double the response
amplitude, with the net result that the amplitude of
the single-photon response (large events) was similar in
GRK7-tg and WT rods.

Macroscopic sensitivity. The difference in measured
macroscopic sensitivity between transgenic strains is likely
to be a complex matter, determined primarily by (a)
the proportion of small versus large events, due pre-
sumably to shut-off mediated by GRK7 versus GRKI,
(b) differences in rhodopsin content, (c) sensitivity
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differences due to differences in transducin content, and
(d) sensitivity differences resulting from differences in
response kinetics. We think that the observed ~8-fold
reduction in macroscopic photosensitivity of GRK7-tg
rods compared with WT rods is broadly explicable in
terms of the combination of these factors. For example,
imagine a hypothetical GRK7-tg rod, in which (a) 10%
of R*s are shut-off via GRK1 while the remaining 90%
are shut-off via GRK7 giving 20-fold smaller responses,
and (b) with 80% of the rhodopsin content of WT,
(c) 50% of the transducin content, and (d) dim-flash
responses twice as large due to the slower kinetics.
In this case, the expected sensitivity would be roughly
(0.140.9 x 1/20) x 0.8 x 0.5 x 2=0.12, corresponding
to slightly more than an 8-fold increase in half-saturating
intensity, Q; .. While the numbers used in this calculation
are only rough estimates, the exercise indicates that the
measured macroscopic sensitivity appears to fit broadly
with our expectations.

Dominant time constant. Although the rods of GRK7-tg
animals exhibited slower dim-flash responses than in
WT (tpeak ~ 0.84 s ¢f 0.57 s), the dominant time constant
for the recovery from bright flashes did not appear
different, at least for intensities up to 10* photons um™2
or around 20000 photoisomerizations per flash (e.g.
Tdom, med = 0.95 s for both; see Fig. 3E and Table 1). The
most parsimonious explanation for the unaltered kinetics
of bright flash recovery is that, just as in mouse rods
(Krispel et al. 2006), the dominant time constant of
recovery in zebrafish rods is determined not by rhodopsin
phosphorylation, but instead by the shut-off of the
activated transducin/PDE complex, accelerated by RGS9.
If this is the case, then it would indicate that the lifetime of
activated transducin is normal. In support of this notion,
we found that the expression levels of the proteins that
we could measure (rod arrestin, rod guanylate cyclase,
recoverin/S-modulin and RGS9) were comparable among
the three genotypes (Fig. 1G and Fig. S1), and we have no
reason to think that the level of PDE was altered.

OKR. Our experiments on intact animals conformed to
the expectations reported above for single-cell recordings.
Thus in GRK7-tg animals, the light intensity required
to initiate optokinetic responses was higher than in
WT animals and likewise the uppermost intensity at
which OKR was elicited in cone-less animals was higher
in GRK7-tg animals than in WT. We interpret this
uppermost intensity for OKR in cone-less animals to
reflect the intensity needed to saturate the rod pathway.
To support this interpretation we conducted single-cell
experiments using a comparable square-wave time course
of illumination, and found that saturation of the rods
themselves occurred at a higher intensity in GRK7-tg rods
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than in WT rods. We presume that the elevated saturating
intensity in GRK7-tg is caused by the substantially lower
flash sensitivity, and is somewhat counteracted by the
slower kinetics of the recovery of the light responses.

In conclusion, expression of exogenous GRK7 in
zebrafish rods (in addition to the endogenous GRK1)
leads to lowered flash sensitivity. Each photoisomerized
rhodopsin molecule elicits either a relatively normal
(rod-like) quantal response or else a greatly attenuated
(cone-like) response, and we propose that this dichotomy
results from whether the R* interacts with a single
molecule of GRK1 or of GRK7. Both the larger and the
smaller quantal responses are slower than in WT rods, for
several possible reasons that we offer above. As in mouse
rods, the shut-off of R* is faster than the shut-off of trans-
ducin/PDE, so that expression of GRK7 reduces response
sensitivity without accelerating response kinetics. The
transgenic zebrafish model is likely to be a powerful
platform for further investigation of the molecular basis
of photoreceptor responses.
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