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The rate of synaptic transmission between photoreceptors and bipolar cells has been long known to depend on conditions of ambient
illumination. However, the molecular mechanisms that mediate and regulate transmission at this ribbon synapse are poorly understood.
We conducted electroretinographic recordings from dark- and light-adapted mice lacking the abundant photoreceptor-specific protein
phosducin and found that the ON-bipolar cell responses in these animals have a reduced light sensitivity in the dark-adapted state.
Additional desensitization of their responses, normally caused by steady background illumination, was also diminished compared with
wild-type animals. This effect was observed in both rod- and cone-driven pathways, with the latter affected to a larger degree. The
underlying mechanism is likely to be photoreceptor specific because phosducin is not expressed in other retina neurons and transgenic
expression of phosducin in rods of phosducin knock-out mice rescued the rod-specific phenotype. The underlying mechanism functions
downstream from the phototransduction cascade, as evident from the sensitivity of phototransduction in phosducin knock-out rods
being affected to a much lesser degree than b-wave responses. These data indicate that a major regulatory component responsible for
setting the sensitivity of signal transmission between photoreceptors and ON-bipolar cells is confined to photoreceptors and that phos-

ducin participates in the underlying molecular mechanism.

Introduction

The vertebrate retina has a remarkable ability to adapt its sensi-
tivity to dramatic changes in the ambient illumination that occur
during the normal diurnal cycle (Shapley and Enroth-Cugell,
1984). Dark and light adaptation take place both in the biochem-
ical phototransduction cascade converting the information
coded in incoming photons into electrical activity of rods and
cones (Pugh et al., 1999; Fain et al., 2001; Burns and Arshavsky,
2005; Luo et al., 2008) and at essentially every stage of the retinal
circuitry (Demb, 2008; Dunn and Rieke, 2008). One intriguing
aspect of light adaptation is the regulation of light sensitivity of
ON-bipolar cells, the neurons relaying photoreceptor inputs to
the inner retina. ON-bipolar cells are very sensitive to light under
dark-adapted conditions and can be saturated by light at least
10-fold dimmer than the light required to saturate rods (Dowling,
1967; Green and Powers, 1982; Dunn et al., 2006; Cameron et al.,
2008). Sustained illumination causes desensitization of bipolar
cells, which results in extension of their operating range. This
desensitization is attributable in part to the adaptation mecha-
nisms operating in the phototransduction cascade in photore-
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ceptor outer segments, which ultimately reduce photoreceptor
synaptic output. However, additional adaptation mechanisms
have been considered to operate within bipolar cells themselves
and/or on the level of the photoreceptor-to-ON-bipolar cell syn-
apses (Thoreson, 2007; Snellman et al., 2008), yet the molecular
aspects of these mechanisms remain far from understood.

Here we report an unexpected observation that an abundant
photoreceptor-specific protein, phosducin, thought previously
to regulate phototransduction, participates in regulating the light
sensitivity of synaptic transmission between photoreceptors and
ON-bipolar cells. This was established by analyzing flash sensi-
tivity and light adaptation in the retinas of phosducin knock-out
mice by measuring the electroretinogram (ERG), which moni-
tors the light-evoked activities of retinal cells, including both
photoreceptors and bipolar cells in living animals. Phosducin
knock-out affected two distinct features of rod- and cone-driven
ERG b-waves, which reflect the activation of ON-bipolar cells by
photoreceptors (Pugh et al., 1998; Robson and Frishman, 1998).
First, the knock-out reduced the dark-adapted sensitivity of flash
responses. Second, it diminished the degree of b-wave desensiti-
zation observed under sustained background illumination. Both
effects were more pronounced for cone-driven than for rod-
driven ERG b-waves. In contrast, a-waves, which reflect the acti-
vation of phototransduction in photoreceptor outer segments,
were essentially unchanged by phosducin knock-out. Combined
with our recent study indicating that phosducin knock-out does
not affect any feature of light adaptation of rod outer segments
(Krispel et al., 2007), these data argue that phosducin has mini-
mal impact on phototransduction and instead is involved, di-
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rectly or indirectly, in regulating the light A
sensitivity of synaptic transmission be-

tween photoreceptors and ON-bipolar . FIash
cells. The rescue of the rod-specific ERG mtensng/
b-wave phenotype by transgenic restora- [cd-s/m?] é
tion of phosducin in rods of phosducin 0.001
knock-out mice indicates that the under-

lying mechanism is confined to photore-

ceptors. Therefore, phosducin is likely to

be a part of a novel presynaptic mecha-

nism responsible for regulating the in- 0.01
formation flow from rods and cones to

ON-bipolar cells.

Materials and Methods

Animals 0.1

Mice were handled following an approved pro-

tocol from the Institutional Animal Care and

Use Committees of Duke University and reared

under the normal diurnal cycle. C57BL/6 wild- 1
type (WT) mice were purchased from Charles

River. Phosducin knock-out (Pd~’~) mice

were described by Sokolov et al. (2004). Trans-

ducin y-subunit heterozygous (Gy,"”~) mice

were described by Lobanova et al. (2008). 100
Transducin «a-subunit knock-out (Gaf/ )

mice were provided by J. Lem (Tufts Univer-

sity, Medford, MA). The Gaf/ ~Pd~’~ double

knock-out mice were produced by crossing

these two lines.

Generation of transgenic mouse lines
expressing wild-type and mutant
phosducin on the Pd™"~ background
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We generated two transgenic mouse lines: one
expressing mouse phosducin (tgPd ™" mice) and 6 & 4’
another expressing the mutant phosducin 0.001 oz i
lacking all five previously detected protein ki- : : :
nase A and calmodulin-dependent kinase IT 0.1 ~—— ~—
(PKA/CaMKII) phosphorylation sites (Thulin : =
et al., 2001) (noPoP™ mice). The pCMV— : —_— o |
100 -1 200 ms —1 g "L-—- =

SPORT 6 plasmid carrying the WT mouse
phosducin sequence was purchased from
American Type Culture Collection. To gener-
ate the noPoP™ mutant, we introduced five ala-
nine substitutions into this cDNA (S6A, S36A,
S54A, S71A, and S104A) using the PCR-based
site-directed mutagenesis (Quickchange Kkit;
Stratagene). Both constructs were amplified
by PCR and extended by C-terminal c-myc
epitope coding sequences. The PCR products
were cloned at the Sall/BamHI restriction sites
into a rod-specific expression vector carrying
the mouse opsin promoter and a polyadenylation signal of the mouse
protamine gene (Lem et al., 1991). The constructs were confirmed by
sequencing. Linear constructs were excised by the Kpnl/NotI digest, pu-
rified using the Qiagen Gel Extraction kit, and injected into pronuclei of
mouse oocytes of superovulated B6SJLF1/J females. Transgene insertion
was determined by the PCR analysis of tail DNA. To establish the final
mouse lines, the founders were crossed with Pd~/~ mice for three gen-
erations. For experiments, we used mice of the F3 generation on the
Pd~"~ background (tgPd*Pd~’~ and noPoP*Pd ’"), as well as non-
expressing littermate controls also on the Pd~/~ background (called
tgPd~Pd "~ for both lines).

To confirm that the noPoP phosducin mutant folds as a functionally
active protein, we cloned the DNA above into the pET101/D-TOPO
expression vector and produced His-tagged recombinant noPoP phos-
ducin in Escherichia colibased on published methods (Bliiml et al., 1997).

Figure 1. ERG recordings from dark- and light-adapted WT and ¢/~ mice. A, Animals were dark-adapted overnight and
anesthetized, and their pupils were dilated. ERG responses evoked by flashes of increasing strength recorded from WT (black) and
Pd~"~ (red) mice in the dark or in the presence of three background light intensities indicated in the figure. Arrows indicate the
time when light flash was applied. Intervals between individual flashes were chosen to ensure that the retina recovered completely
from each flash. For each mouse, the dark-adapted series were recorded first, followed by the series of increasing intensity of
background illumination. Complete adaptation to background light was achieved by a 2 min exposure to steady background before
starting the flash series. B, The same experimental protocol applied to animals after intravitreal injections of APB. The data are
taken from 10f 17 (4) or 3 (B) similar experiments.

This protein was able to efficiently bind transducin Gf+y-subunits in
pull-down binding assays, which indicated that mutations did not affect
its overall integrity.

Determination of phosducin expression levels in transgenic

mouse lines

Determination of rhodopsin concentration in retina lysates and the ex-
pression level of phosducin in transgenic mice were performed as de-
scribed previously (Lobanova et al., 2008). Samples of retina lysates from
tgPd"Pd~’~ or noPoP* Pd~’~ mice containing known amounts of rho-
dopsin were subjected to SDS-PAGE alongside with the samples from
Pd~’~ mice containing the same amount of rhodopsin and mixed with
various amounts of the recombinant phosducin standard. Western blots
were probed using the sheep anti-phosducin antibody described by
Sokolov et al. (2004), and the bands were visualized using fluorescent
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N-terminally fused to intein. This construct
was expressed in E. coli, bound to chitin beads,
washed, and cleaved by B-mercaptoethanol to
remove the intein tag (for experimental details,
see Herrmann et al., 2004). The resulting re-
combinant phosducin was at least >95% pure,
as estimated by SDS-PAGE.

Measurements of cone arrestin and
transducin expression levels
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Figure 2. Reduced dark-adapted flash sensitivity and abnormal light adaptation in Pd—/~ mice. A, B, Response amplitudes,
R, of ERG b-waves (4) and a-waves (B) from WTand Pd "~ mice were normalized to the maximal values measured in the dark (R, gar)
and plotted as functions of flash intensities. Data were fitted by Equation 1 using either both terms (4) or a single term (B).
The fits are shown as solid lines, and the corresponding parameters are summarized in Table 1. C, D, The rod- and
cone-driven components of the b-wave stimulus—response curves in A are plotted individually and normalized to the
corresponding maximal amplitudes in the dark. Fits of the WT data from the top in Care replotted as dashed lines in the
bottom of Cto visualize the difference between WT and Pd "~ mice. Color code: Dark-adapted mice, black; light adapted

at 0.005 cd/m?, red; 0.1 cd/m?, green; 1cd/m?, blue.
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For detection of the cone transducin « subunit
(cGa,), we generated rabbit antiserum against
the cGey, peptide CGIDYAEPSCADAGRQLNNL.
The peptide was coupled to the maleinimide-
activated keyhole limpet hemocyanin (Pierce),
and the conjugate was used to immunize rab-
bits. Antibodies were purified on a Sulfolink
Plus column (Pierce) containing covalently at-
tached peptide. Antibodies against mouse cone

e o =
o ® o
1 1 L

0.4+

10 10® 102 10™ 10° 10" 10® 10°
flash intensity [cd-s/m?]

WT
cone b-wave

arrestin (Arr4) were a gift from C. M. Craft
(University of Southern California, Los Ange-
les, CA). For comparison of protein expression
levels, retinas were dissolved in 2% SDS and
Tris-HCI, pH 6.8, by sonication. The total pro-
tein content of samples was determined using
the D_ Protein Assay (Bio-Rad). Samples con-
taining equal amounts of total protein were
subjected to Western blotting as described pre-
viously (Lobanova et al., 2008) and probed
with either of the above antibodies or mouse
anti-actin antibody (sc-47778; Santa Cruz Bio-
technology). Fluorescent secondary antibodies

Pd
cone b-wave

against mouse and rabbit were from Invitro-
gen. The fluorescence of the individual bands
on the blot was determined using the Odyssey
Infrared Imaging System (LI-COR Biosciences),
and their densities were quantified using the Od-
yssey software.

Electron microscopy
and immunohistochemistry
Transmission electron microscopy in 0.15-

10* 10* 102 10" 10° 10" 10* 10°
flash intensity [cd-s/m?]

secondary anti-sheep antibodies (Invitrogen). The fluorescence of the
individual bands on the blot was determined using the Odyssey Infrared
Imaging System (LI-COR Biosciences). Phosducin content in retina ly-
sates was determined based on the calibration curves obtained with phos-
ducin standards and expressed as a molar ratio with rhodopsin.

To produce the phosducin standard, we obtained the pET15b plasmid
(Invitrogen) carrying the coding sequence of N-terminally His,-tagged
rat phosducin and the C-terminal c-myc epitope from B. M. Willardson
(Brigham Young University, Provo, UT). To precisely match the electro-
phoretic mobility of the standard with that of the myc-tagged phosducin
expressed in the transgenic mice, we subcloned this construct without
His, tag into the pTYB1 vector (New England Biolabs) at the Ndel/SapI
restriction sites, which allowed us to use the intein-mediated purification
system (IMPACT-CN; New England Biolabs) (Xu and Evans, 2001). The
resulting construct encoded the C-terminally myc-tagged phosducin,

pm-thick retina cross-sections was performed
as described by Petters et al. (1997). Immuno-
staining of the myc-tagged phosducin and its
mutant lacking phosphorylation sites was per-
formed as described by Lobanova et al. (2007)
using the mouse anti-c-myc primary antibody
(1:500; Santa Cruz Biotechnology) and goat
anti-mouse Alexa Fluor 488 secondary anti-
body (1:500; Invitrogen). Hoechst dye was
used for nuclear staining (1:1000; Invitrogen).
For immunofluorescence localization of cone
transducin, eyes were enucleated and fixed for
1 h with 4% formaldehyde in PBS buffer, pH
7.5 (Thermo Fisher Scientific). The anterior portions of the fixed eyes
were removed, and the eyecups were further fixed overnight at 4°C. Eyes
were rinsed three times in PBS and embedded in 4% low-melt agarose
(Invitrogen). Retina cross-sections (100 wm) from the central retina
were collected with a vibratome (Microm HM650 V). Floating sections
were further incubated in 24-well plates placed on an orbital shaker
(Stovall) to ensure complete penetration of antibodies. Sections were
incubated for 4 h with blocking solution containing 3% donkey serum
and 0.1% Triton X-100 in PBS buffer. For detection of cone transducin,
floating sections were incubated overnight with a mixture of the rabbit
anti-cGe, antibody and anti-peanut agglutinin lectin antibody tagged
with Alexa Fluor 488 fluorophore (Invitrogen). Sections were washed
three times with PBS and incubated for 2 h with goat anti-rabbit Alexa
Fluor 594 secondary antibody (1:500; Invitrogen). Sections were rinsed
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Table 1. Parameters obtained from fitting the data in Figure 2, A and B, to Equation 1

lo.5,1 (cd = s/m ?) R, o5, (cd = s/m ?) Renax,2
a-wave

W1
Dark 304 *+ 2.1 1.01 *+ 0.02
0.005cd/m? 309 *26 0.94 =+ 0.02
0.1¢d/m? 36.4 = 0.7 0.86 = 0.00
1cd/m? 53.0 =33 0.61 = 0.01

P~
Dark 33.0 = 1.1 1.00 *+ 0.01
0.005¢d/m? 347 +14 0.98 = 0.01
0.02cd/m? 348+ 2.1 1.13 +0.03
0.1¢d/m? 350 = 1.1 0.93 = 0.01
1cd/m? 629 +25 0.43 = 0.04

b-wave

W1
Dark 0.003 = 0.0001 0.64 =0.01 3.7 =04 0.35 = 0.01
0.005cd/m?  0.007 = 0001 043001 50 +07 033 =+ 0.01
0.1cd/m? 00230004 027002 38+08 0.28 == 0.02
1cd/m? 0.054 = 0016  0.14*+001 52+08 0.25 =+ 0.01

P~
Dark 0.008 = 0.0004  0.66 = 0.01 10.6 = 1.4 0.35 = 0.01
0.005cd/m? 00120001  0.60 =001 106 * 19 0.36 == 0.02
0.02cd/m? 0017 =0001 054001 106+ 19 0.35 = 0.01
0.1cd/m? 00220001 038001 12.6+17 0.26 == 0.01
1cd/m? 0.103 +0.021  022+001 149 *+45 0.18 == 0.01

Errors are given as SEM. The data are averaged from 17 eyes of each mouse type.

three times in PBS, mounted with Fluoromount G (Electron Microscopy
Sciences) under glass coverslips, and visualized using a Nikon Eclipse 90i
confocal microscope.

Single-cell recordings

Suction electrode recordings of rod outer segment currents in Gy, */~
mice were performed and analyzed as described by Lobanova et al.
(2008). Briefly, mice that had been dark-adapted overnight were killed,
and the retinas were dissected under infrared light. Small pieces of retina
were placed in a recording chamber and perfused with oxygenated,
bicarbonate-buffered Locke’s solution at 34—37°C, pH 7.4. Brief flashes
(10 ms, 500 nm) of calibrated stimulus strength were delivered to a single
rod whose outer segment was drawn into a suction electrode filled with
HEPES-based buffer and connected to a current-to-voltage amplifier
(Molecular Devices). Signals were filtered (eight-pole Bessel with 30 Hz
corner frequency; Frequency Devices) and digitized at 200 Hz acquisition
frequency using IgorChart (Wavemetrics).

Electroretinography

General procedures. ERGs were recorded using the Espion E? system
(Diagnosys) according to published protocols (Saszik et al., 2002). Eight-
to twelve-week-old mice were dark adapted overnight and prepared for
recordings in darkness using infrared goggles. Mice were anesthetized by
intraperitoneal injection of a ketamine/xylazine mixture (75 and 10 mg/
kg, respectively). Pupils were dilated with 1% cyclopentolate-HCI and
2.5% phenylephrine (~2.8 mm in diameter). A drop of the Gonak solu-
tion (Akorn) was placed on the cornea. Recordings were performed si-
multaneously from both eyes with silver loop electrodes supplemented
with contact lenses to keep the eyes immersed in Gonak solution. This
prevented eyes from drying and cataract development during recording
periods of up to 60 min. The reference electrode was a toothless alligator
clip wetted with Gonak and attached to the mouse cheek. Mouse body
temperature was maintained at 37°C using a Deltaphase Isothermal Pad
(Braintree Scientific). ERG signals were sampled at 1 kHz and recorded
with 0.15 Hz low-frequency and 500 Hz high-frequency cutoffs.

Light stimuli, calibration, and measurement of rhodopsin isomerization
rate. The light stimuli consisted of brief full-field white flashes delivered
by a set of light-emitting diodes (LEDs) (duration, <4 ms) for flash
strengths =1 cd - s/m* or a xenon light source for flashes =1 cd * s/m?
(flash duration, 5 us to 2 ms). All flashes were produced by a Ganzfeld
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Figure 3. Phosducin knock-out reduces response compression but not stimulus scaling during
b-wave light adaptation. A, The values for flashes evoking half-saturating rod-driven b-wave ampli-
tudes, /y 5, taken from Tables 1 and 3 were normalized to the dark-adapted values, /y s 4,4, and
plotted as functions of background luminance. The data for WT mice are shown in black, for Pd "~
miceinred and Gy, mice n violet. The background luminance values for Pd " and Gy, ™/~
mice were further corrected to account for the reduced dark-adapted b-wave light sensitivity in these
animals, as described in Results. The straight dashed line represents the best it to all three datasets.
B, Normalized maximal amplitudes of rod-driven b-wave stimulus—response curves in Tables 1and 3
(Riax/Rna rod, dar) @re plotted as functions of background luminance. The values for background
strength for Pd—~ and Gy, ™~ mice were corrected as in A. Solid lines represent data fits to
Equation 2 (WT and Gy, ™~ combined, /,, = 0.043 = 0.003 cd/m?,n = 040 = 0.02;Pd ",
yait = 0.085 == 0.008 cd/m 2, n = 0.54 = 0.03; error bars represent SEM). €, The R, ., /I, s ratios for
rod-driven b-waves were normalized to their dark-adapted values and plotted as functions of back-
ground luminance. The values for background strengthin Pd "~ and G-y, ™~ mice were corrected
asin A. Solid lines represent data fits to Equation 2 (WT and Gy,™”~ combined, , ,, = 0.001 +
0.001 cd/m?,n = 0.60 == 0.04; Pd =, ;= 0.004 = 0.001 cd/m?,n = 0.63 = 0.03).
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rods. A, B, Families of flash responses from representative WT and Gy,
rod (open circles) and the wild-type rod (filled circles) shown in B. Points were fitted by saturating exponential
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rods. Flash strengths ranged from 9 to 4000 photons/ Lm .

Table 2. Characteristics of dark-adapted mouse rods from Gy, ™+~ mice
Integration Elementary
E(pA) Time-to-peak (ms) Troc (MS) time (ms) amplitude (pA) I, (photons/m?) 7p (ms)
WT 14.6 = 0.9 (18) 115 =6 (18) 175 =11 (18) 256 =12 (18) 0.95 £0.2(18) 59.8 £3.2(18) 227 =15 (16)
Gg, v~ 14.8 = 1.0(18) 105 10 (18) 169 13 (18) 258 £ 22 (18) 0.54 £0.10(17) 81.1 = 4.6* (18) 203 £ 24 (13)

Number of recorded rods are given in parentheses. ., was determined by fitting a single-exponential function to the final falling phase of the dim flash response, /, is the flash strength that elicited a half-maximal response, and 7 is the
dominant time constant of photoresponse recovery as defined by Pepperberg et al. (1992). *p = 0.0004, Student’s two-tailed ¢ test with equal variances.

stimulator (ColorDome; Diagnosys), either in darkness or on steady blue
background light (A,,,, = 465 nm). Internal calibrations of LED and
xenon light sources were verified using a light meter (International Light
IL 1700) by applying a train of flashes and measuring the mean lumi-
nance. The rate of rhodopsin isomerization evoked by steady back-
ground light was determined as reported previously (Lobanova et al.,
2007). Briefly, mice were treated as they were for ERG recordings and
exposed to background light (10 min) of various intensities. The amount
of rhodopsin bleached over the illumination period was determined by
removing the retinas and measuring their rhodopsin contents before and
after rhodopsin regeneration with 11-cis-retinal (Sokolov et al., 2002).
The rate of rhodopsin isomerization was calculated by multiplying the
fraction of photoactivated rhodopsin by the total number of rhodopsin
molecules per mouse rod [7 X 107 from Lyubarsky et al. (2004)] and
dividing this product by the duration of background illumination. For
our experimental setup, we found that blue background light of 1 cd/m*
activated ~800 rhodopsins/rod/s.

Intravitreal injections. Intravitreal injections of 2-amino-4-phospho-
nobutyric acid (APB) (Sigma) were performed as described previously
(Shirato et al., 2008) to block ON-bipolar cell light responses (Slaughter
and Miller, 1981). A solution of APB in sterile saline was prepared freshly
and adjusted to neutral pH using NaOH. A volume of ~1.5 ul was
injected with a 30 gauge needle into the vitreous just behind the limbus
1 h before recordings, yielding a final vitreal APB concentration of ~2
mM based on a vitreal volume of 20 ul.

ERG protocols. ERG responses in mice, either dark adapted or adapted
to blue background light (0.005, 0.1, and 1 cd/m?), were evoked by a
series of flashes ranging from 0.0001 to 1000 cd * s/m *. For dim flashes up
t0 0.1 cd - s/m?, responses of 10 trials were averaged. For 1 cd - s/m* flash
responses, three trials were averaged. For brighter stimuli, responses to
single flashes were recorded without averaging. Intervals between indi-
vidual flashes were chosen to ensure that the retina recovered completely
from each flash, i.e., no indications of flash-induced reduction of re-
sponse amplitudes, enlargement of oscillatory potentials, or shortening
of implicit times were observed. Based on these criteria, the interflash
intervals were 5 s for the 0.0001-0.1 cd - s/m* flashes and 15 s for the 0.5
and 1 cd - s/m* flashes. Recovery times were 30 s after the 1 cd - s/m?
flash, 60 s after the 5 and 10 cd - s/m? flashes, 120 s after 100 cd + s/m?
flash, and 180 s after the 1000 cd - s/m? flash. For each mouse, the dark-
adapted series were recorded first, followed by the series of increasing
intensity of background illumination. Complete adaptation to back-
ground light was achieved by a 2 min exposure to steady background

before starting the flash series (longer adaptation times did not change
the results). To account for any potential changes in response amplitudes
that may occur during a recording session attributable to electrode shifts
or condition of the subject, mice were dark adapted after the brightest
background and a subset of test flashes was applied to verify that the
dark-adapted response amplitudes were not significantly changed during
the course of experiment. In rare cases when >15% changes were ob-
served, the entire dataset was dismissed. To isolate cone-driven ERG
responses, we modified this protocol as follows. Flash strengths for the
dark-adapted series were 0.001, 0.005, and 0.01 cd - s/m? (five trials av-
eraged with 15 s trial interval time), 0.1 and 1 cd - s/m? (three trials
averaged with 15 s trial interval time), and 5, 50, 100, 500, and 1000
cd - s/m? (single-flash responses). For the light-adapted series, we used
background light of 10, 50, 100, and 500 cd/m? and flashes of 0.1, 1, 5, 50,
100, 500, and 1000 cd * s/m? (up to 10 trials averaged with interval times
of 10 s). The interval time of 10 s was sufficient to ensure complete
recovery between the flashes attributable to the fast cone recovery rate.

Data analysis. To determine a-wave and b-wave amplitudes, ERG data
were processed and analyzed using MATLAB software (version R2007a;
MathWorks). Rod-driven a-waves were measured from the baseline re-
corded before the flash to the response at 8 ms. For b-waves, the oscilla-
tory potentials were removed from the signals by 55 Hz fast Fourier
transform low-pass frequency filtering because oscillatory potentials ob-
scure the amplitude and position of the b-wave peak, especially under
light-adapted condition (Lei et al., 2006). The b-wave amplitude was
calculated from the bottom of the a-wave response to the peak of the
b-wave peak.

The data points from the a-wave and b-wave stimulus—response
curves were fitted by Equation 1 using the least-square fitting procedure
(Scientist Software; MicroMath):

R=R +R (1)

max, 1 I+ 10,5,1 max,ZI + 105’2'
The first term of this equation describes rod-mediated responses (index
1), and the second term accounts primarily for responses that were cone
mediated (generally observed at the flash intensities =1 cd * s/m? for
dark-adapted mice; index 2). R, and R, , are maximal response
amplitudes, and I, 5 , and I, 5, are the half-saturating flash intensities.
The use of a simple hyperbolic for each curve was adopted with the
assumption that stimulus response functions of retina cells increase in
proportion to stimulus strength and then saturate in a characteristic way
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that is adequately described by this function A 10 B 104
(Robson and Frishman, 1995). WT b-wave WT a-wave
The data points in Figures 6 and 7 were fitted 0.8+ W 0.8+
to the following function: E 061 % 06l
H H b
RiR= 77y () €04 o 04
1+<1b> 0.21 0.21
half,
h . . 0.0 0.01
where R/Rg,, is the response amplitude nor- 1.0 T 1.0 e
malized to the dark-adapted value, I, is the Gy,*" b-wave Gy,*- a-wave
background light intensity, I, is the back- 0.8 0.8
ground luminance causing half-maximal re- = = Background light
duction of normalized response amplitudes, {3_05' f 0.6 intensity [cd/m2]
and n is the Hill coefficient. ME 04 mg 04 — (()1aor(l)(5
x T x —
Results ® 0ol % ol %
Phosducin knock-out results in reduced
dark sensitivity and abnormal light (2L ot S 2L ... ... e S
adaptation of rod-driven ERG b-waves 10* 10° 102 10™ 10° 10" 10% 10° 10* 10® 10% 10" 10° 10" 10% 10°
To characterize the role of phosducin in flash intensity [cd-s/m?] flash intensity [cd-s/m?]
dark and light adaptation of photorecep- (o i D
tors and ON-bipolar cells, we recorded .04 WT 104 WT u
ERGs from Pd /" and WT mice. ERGs are £081 rod b-wave =084 cone b-wave
massed field potentials that reflect the ! =
combined light-evoked activity of many 2061 g 061
retinal cells. The negative ERG deflections o 044 8 0.4
immediately after the flash stimulus, [ 021 s 021
called a-waves, originate primarily from '
the suppression of the circulating dark 00— —ww" . 0.0
current in rod and cone outer segments. 104 Gy* 100 ey
The subsequent positive deflections, called . rod b-wave, 7 - cone b-wave
b-waves, originate mainly from the light- L] 081 / 3087
induced depolarizing currents in ON- 2064 o SEoooTTTTTo S 064
bipolar cells (Pugh et al., 1998; Robson E 1 S e g
. o 0.4 o 0.4-
and Frishman, 1998). = b
Representative ERG recordings from 0.2+ 0.2-
dark- and light-adapted Pd’~ and WT 0.0 0.0
mic.e are shown in. Figure 1A. Mic.e were 10* 10° 102 10" 10° 10' 10 10° 0% 10° 102 107 100 10" 107 10°
subjected to a series of flashes, with the flash intensity [cd-s/m?2] flash intensity [cd-s/m?]

dimmest photoexciting only ~0.02 rho-

dopsin molecules (R¥) in each rod and the  Figure5. Reduced dark sensitivity and normal light adaptationin Gy,

brightest exciting ~2 X 10° R*. Record-  (4) and a-waves (B) from WT and

*/~ mice. A, B, Response amplitudes, R, of ERG b-waves

Gy, mice were normalized to the maximal values measured in the dark (R, gaq) and

ings were conducted in the dark and in the plotted as functions of flash strength. Data points were fitted as in Figure 2, A and B. The fits are shown as solid lines, and the

presence of three background light inten- ~ orresponding parameters for G,
sities activating rhodopsin at the rates of
~4, 80, and 800 R*/rod/s. These measure-
ments revealed that phosducin knock-out
resulted in reduced amplitudes of dark-adapted b-waves evoked
by dim flashes. However, the presence of background light essen-
tially reversed this effect, so that the b-wave amplitudes in Pd ™/~
mice were larger than in WT mice under most conditions tested.
To confirm that b-waves indeed served as adequate readouts of
ON-bipolar cell activity in our experiments, we blocked ON-
bipolar cell responses with APB, a potent agonist of the mGluR6
receptor localized specifically at the dendritic tips of both rod and
cone ON-bipolar cells (Nomura et al., 1994; Masu et al., 1995;
Vardi and Morigiwa, 1997). The data shown in Figure 1B con-
firmed that APB completely eliminated b-waves in both mouse
types under all illumination conditions that we used.

ERG data averaged from 17 eyes of Pd '~ and WT animals are
presented in Figure 2, A and B. Phosducin knock-out did not
affect the absolute values of maximal dark-adapted b-wave am-
plitudes, R,y dark (809 = 56 and 785 + 32 uV in WT and Pd '~

*+/~ mice are summarized in Table 3. C, D, The rod- and cone-driven components of the b-wave

stimulus—response curves in A are plotted individually as in Figure 2. Color code: Dark-adapted mice, black; light adapted at 0.005
cd/m? red; 0.1 cd/m?, green; 1 cd/m?, blue.

Table 3. Parameters obtained from fitting a- and b-wave amplitudes of Gy, ™"~
mice to Equation 1

Iy (cd-m?) R

los,(cd-s/m?) R

max, 1 max,2

a-wave
Dark 24007 0.99 = 0.01
0.005cd/m* 243 %07 1.01 £ 0.01
0.02 cd/m? 376 %14 0.83 = 0.01

0.1cd/m? 341+ 04 0.86 =+ 0.00
1cd/m? 540 = 45 0.48 = 0.01
b-wave
Dark 0.005 = 0.001 062001 34*05 038 = 0.01
0.005cd/m? 0009 =0.001 043 005 3503 0.41 = 0.01
0.02cd/m? 00140001 039+001 37=05 0.26 == 0.01
0.1cd/m? 0.025+0.002 030001 41%05 034 = 0.01
1cd/m? 0.082+0.019 017003 48+ 34 0.22 = 0.02

Errors are given as SEM; n = 11.
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responses of rod ON-bipolar cells (“the
rod-component”) and the second phase
reflecting mainly the responses of cone
ON-bipolar cells (“the cone-component”)
(Toda et al., 1999; Weymouth and Vingrys,
2008). In some plots (Fig. 2A, C), the am-
plitude of the response was elevated
slightly for the weakest stimulus, probably
attributable to a small contribution from
the positive scotopic threshold response

(Saszik et al., 2002). The plots also do not
take into account the small contribution
of rod signals that enter into cone path-
ways via the electrical synapse between
rods and cones when rods signals are
nearing saturation (Abd-El-Barr et al.,
2009).

To better visualize the effects of phos-
ducin knock-out on rod and cone compo-
nents of b-waves, we plotted average
responses for each component separately

A B
[cd/m?] 4 1.0+ b-wave
dark = 0.8
— -l v0-6'
Pd s m WT
0.001 041 = par
' H 02_ o Pd+’+|ittermate
o Pd.l.lillermate
0.005 —
0.01 =4
1 -—%
0.0 : . . . .
10 —=r— 10* 10° 1027 10" 10° 10

background light intensity [cd/m?]

Figure 6.

a-waves (€) were normalized to dark-adapted values (R/R,
represent the data obtained from WTand Pd /"~

max

fits and the number of analyzed animals of each type are summarized in Table 4.

Table 4. Parameters obtained from fitting the data in Figures 6, B and (, and 7D to
Equation 2

n Ihalf(Cd/m 2) Rmax
a-wave
W1 0.71 = 0.03 0.20 = 0.01 1.00 == 0.01
Pd~~ 0.78 = 0.08 0.12 = 0.02 1.00 = 0.02
pdt/ta 0.70 = 0.10 0.22 = 0.05 0.86 = 0.02
Pd¢ 0.70 = 0.10 0.49 = 0.12 1.18 + 0.03
TgPd™Pd~"~ 0.71 = 0.07 030 = 0.05 1.00 = 0.01
noPoP™ Pd~"~ 0.70 = 0.03 030 = 0.02 1.00
TgP~Pd~/~ 0.76 + 0.06 0.46 = 0.06 1.00
b-wave
W1 038 = 0.01 0.008 == 0.001 1.00
Pd~"~ 0.61 = 0.03 0.086 = 0.010 1.02 = 0.01
Pd*/ta 0.38 = 0.02 0.018 = 0.003 0.95 =+ 0.00
P 0.50 = 0.02 0.143 = 0.012 0.99 + 0.01
TgPd " Pd "~ 0.37 = 0.01 0.025 == 0.001 1.00
noPoP™Pd~"~ 036 = 0.01 0.024 == 0.001 1.00
TgPd~Pd~/~ 0.61 = 0.02 0.215 = 0.010 1.00

Errors are given as SEM. The numbers of analyzed eyes were 9 WT, 6 Pd~/~, 4 Pd ™/ littermates, 3 Pd ™/~
littermates, 7 tgPd~Pd /=, 5 tgPd™* Pd ", and 8 noPoP ™ Pd "~
g/ and Pd " littermates obtained from breeding heterozygous Pd*~ animals.

mice, respectively; mean = SEM). To characterize the effects of
phosducin knock-out quantitatively, we normalized b-wave am-
plitudes (R) to the corresponding R, ., 4.rk Values, plotted the
resulting ratios as functions of flash strength, and fitted the data
to Equation 1 (for the complete set of parameters, see Table 1;
note that, for Pd~’/~ mice, an additional set of recordings was
performed in the presence of 0.02 cd/m?* background light). The
resulting plots were biphasic, with the first phase reflecting the

Impaired light adaptation of ERG b-waves in Pd "~ mice probed with saturating flashes. A, Representative ERG
responses in WT and Pd ™ mice evoked by a flash of 1 cd + s/m * photoactivating ~200 rhodopsin molecules per rod. Up to 10
trials with intertrial times of 15 s were averaged for each condition. Recordings were performed in the dark and after 2 min
adaptation to background light of several luminances indicated to the left of the traces. B, C, The amplitudes of b-waves (B) and
) and plotted as functions of background luminance. Filled symbols
mouse lines used in the rest of this study. The data are fitted using Equation 2 and
plotted as solid lines. Open symbols represent the data obtained from WT (Pd™/*) and Pd " littermates. The parameters of all

in Figure 2, C and D. The analysis of the
rod-specific b-wave component in Figure
2C revealed two effects of the knock-out.
First, the light sensitivity of dark-adapted
b-waves (defined as the flash strength
evoking half-saturating response ampli-
tude) was reduced by ~2.7-fold (p =
0.0003 based on the unpaired, two-sample ¢
test), and the b-wave desensitization caused
by background light was less pronounced
(Fig. 2C, compare solid lines with dashed
lines in the bottom).

Normally, b-wave desensitization has two distinct features: an
increase in half-saturating light (“stimulus scaling”) and a reduc-
tion in the maximal response amplitude (“response compres-
sion”) (Dowling, 1967; Green, 1986). To correctly analyze
stimulus scaling in P4~/~ mice, we had to account for the fact that
the flash sensitivity of their b-waves was already reduced in the
dark. Therefore, we normalized the values of half-saturating flash
intensities in the presence of background illumination to the cor-
responding values obtained in the dark (Iy s/l s, o) and com-
pared the resulting ratios to the corresponding parameters
obtained from WT mice. Assuming that the mechanisms that
cause sensitivity reduction of flash responses in the dark would
similarly affect the desensitizing ability of the background light,
we also corrected the nominal value of background luminance
applied to Pd~""~ mice for the same 2.7-fold sensitivity reduction
factor. For example, light of 0.005 cd/m? was calculated to have
the effective equivalent of 0.0019 cd/m?. The resulting plots for
WT and Pd~’~ mice followed similar trends (Fig. 3A), which
indicates that stimulus scaling was not significantly affected by
phosducin knock-out. On the contrary, b-wave response com-
pression in Pd /" animals was reduced. This is evident from
plotting the normalized values of saturating b-wave amplitudes
(Rinax/Rinax rod, dart) a8 @ function of corrected background lumi-
nance (Fig. 3B).

To formally describe the degree of b-wave desensitization
caused by phosducin knock-out, we determined the R, /I, 5 ra-
tio, according to Saszik et al. (2002). We calculated this ratio at
each condition of background illumination and normalized it to
the dark-adapted value to account for the difference in the dark
sensitivities of WT and Pd /" mice. The resulting values were
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plotted as a function of background lumi-
nance in Figure 3C, indicating that the
50% reduction of b-wave R, /I, 5 ratio in
Pd™’" mice required approximately four-
fold higher background luminance than
in WT animals.

The analysis of cone b-wave compo-
nents (Fig. 2D) revealed that their sensi-
tivity was also reduced in Pd~’~ mice.
However, a quantitative analysis of this ef-
fect required applying rod suppressing
background light or using animal models
in which ERG responses lack any rod con-
tributions. These data are presented below

[cd/m?]

dark v
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in Figures 9-11.

The b-wave phenotype of phosducin
knock-out mice cannot be explained by
areduced transducin content in their
rods

One potential explanation for the de-
creased sensitivity of rod ERG b-waves in
Pd~’~ mice is that their rods contain
~20-30% less transducin than WT rods
(Krispel et al., 2007). Single-cell record-
ings from rods of PA~/~ mice conducted
by Krispel et al. (2007) indicated that this
reduction in transducin was reflected
by ~1.5-fold reduction in dark-adapted
response sensitivity. However, our cur-
rent ERG data indicate that rod-driven
b-waves in Pd /" mice are ~2.7-fold less
sensitive than in WT mice under dark-
adapted conditions. Therefore, the lack of
phosducin is likely to affect the synaptic
transmission between rods and rod bipo-
lar cells in addition to any effects related to
a reduced transducin expression.

To obtain additional evidence that the
reduction in transducin content alone
cannot explain most phenomena observed
in Pd~/~ mice, we analyzed the parameters
of ERG b-waves in another mouse model,

— tgPd-Pd"-
— tgPd*Pd"
m===noPoP*Pd"

0.005

400 pV

0.01 o 100 ms

1"‘;\_&::%

10 A sttt 10° 107 10" 10°  10'

background light intensity [cd/m?]

Figure 7.  Rescue of the phosducin knock-out phenotype by targeted expression of normal and mutant phosducin in rods of
Pd~"~ mice.A, Confocal fluorescence images of retina cross-sections stained with anti-myc antibodies (green) from Pd~"" mice,
Pd~/~ mice transgenically expressing phosducin (tgPd"Pd "), and Pd—"~ mice expressing the noPoP phosducin mutant
(noPoP™ Pd ™). Nuclei are stained with Hoechst dye (blue). B, Quantification of transgenic phosducin expression levels. Samples
of retina lysates from tgPd“Pd "~ and noPoP™ Pd—"~ animals containing known amounts of rhodopsin were subjected to
Western blotting alongside with various amounts of recombinant phosducin standard (Pd). The amount of phosducin in each
sample was determined from the calibration curves shown in the top row in which the densities of phosducin standard bands are
represented by black squares and the densities of phosducin bands from retina lysates by open triangles. The data are taken from
one of three similar experiments. €, Representative ERGs from tgPd " Pd /"~ mice (black), their littermates negative for the
transgene (tgPd ~Pd~’~; red), and noPoP™ Pd ™/~ mice (gray) subjected to the experimental protocol described in Figure 6A.
D, Averaged amplitudes of b- and a-waves were normalized to dark-adapted values (R/R.,,,) and plotted as functions of back-
ground luminance. The data are fitted using Equation 2. For comparison, the fitting curve for WT mice from Figure 6 Bis plotted as
ablack dashed line in the top. The parameters of all fits and the number of analyzed animals of each type are summarized in Table
4.0, Outer segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; GCL, ganglion cell layer.

the transducin +y-subunit heterozygous

mouse (Gy,"’"), in which rods are characterized by a similar ~30—
40% reduction in their transducin content (Lobanova et al., 2008).
Suction electrode recordings obtained with rods of Gy,*’~ mice
(Fig. 4; for complete set of parameters, see Table 2) indicated that the
flash sensitivity of their dark-adapted responses was reduced by
~1.4-fold, very similar to the corresponding reduction in Pd~/~
rods (Krispel et al., 2007). ERG recordings from dark-adapted
Gy, mice (Fig. 5) revealed ~1.7-fold reduction in b-wave flash
sensitivity ( p = 0.044), which is more in line with the reduction in
transducin content than the effect caused by phosducin knock-out.
The unpaired, two-sample t test revealed that the remaining differ-
ence between the reductions in b-wave sensitivities in Pd~/~ and
Gy, mice was statistically significant ( p = 0.017). Furthermore,
the reduction in transducin content in Gy,™~ mice did not cause
any notable abnormality in response desensitization caused by back-
ground light after correcting the data for the reduction in dark-
adapted b-wave sensitivity (Fig. 3, violet symbols; Table 3). This is in
striking contrast to the fourfold R, /I, 5 ratio shift observed in
Pd~’" mice (Fig. 3C, red symbols). These data demonstrate that a

part of the reduction in dark-adapted b-wave flash sensitivity and the
entire reduction of light adaptation caused by the phosducin knock-
out do not originate from impaired phototransduction.

Unlike b-waves, the absolute dark-adapted sensitivity and ad-
aptation of a-waves were not significantly affected by phosducin
knock-out (Fig. 2 B). Notably, the ~1.5-fold light-sensitivity re-
duction in Pd~’~ mice documented by single-cell recordings (see
above) (Krispel et al., 2007) was not paralleled by any reliable
reduction in the sensitivity of a-waves. The same was true for
Gvy,"” mice (Table 3). Perhaps this reflects the fact that b-waves
are better suited for measuring rod-driven responses in dim light
at which the suction electrode recordings are the most sensitive to
reflect small changes in phototransduction.

Characterization of the phosducin knock-out phenotype
using a saturating flash ERG protocol

An alternative ERG protocol for studying light adaptation in the
retina is based on applying a single saturating flash presented in
the dark and at several background light intensities (Cameron et
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Figure 8.

Ribbon; h, horizontal cell processes; rb, rod bipolar dendritic tip. Scale bars, 500 nm.

al., 2006). We used this protocol to analyze light adaptation in
WT and Pd~’" miceat the flashes of 1 cd - s/m? (Fig. 6 A). Although
the amplitudes of the dark-adapted b-waves were identical, the
presence of background light caused much smaller b-wave sup-
pression in Pd~’~ mice than in WT controls. The analysis of
normalized b-wave amplitudes (R/Ry,,,) plotted as a function of
background luminance and fitted by Equation 2 demonstrated
that the background luminance causing a half-maximal reduc-
tion of response amplitude in Pd~"~ was ~11-fold higher than in
WT animals (0.086 vs 0.008 cd/m?) (Fig. 6 B; Table 4). This large
shift can be explained by a combination of the 2.7-fold reduction
in the effective background luminance, given the dark-adapted
sensitivity (Fig. 2C) and the ~4-fold difference in R,,, /I, 5 ratio
reduction (Fig. 3C). Another feature of Pd~/~ mice was that the
plotin Figure 6 Bhad a steeper slope than the plot for WT mice, as
reflected by a larger Hill coefficient (n = 0.61 vs n = 0.38) (Table
4). As a consequence, the range of background luminance caus-
ing b-wave desensitization in Pd_/~ mice was both shifted and
reduced. Overall, the single saturating flash protocol is a rapid
and efficient approach to describe the major features of the phos-
ducin knock-out phenotype, which we used in several control
experiments outlined in this and the next section.

To rule out any possible contributions to ERG recordings
arising from the strain differences between WT (C57BL/6]) and
Pd~’~ mice (mixed C57BL/6] and 129sv backgrounds), we bred
heterozygous mice to obtain Pd~’~ and Pd*’" littermates and
repeated ERG experiments using the single saturating flash pro-
tocol. The results, plotted as open symbols in Figure 6, B and C,
and fitted by Equation 2 (Table 4), were very similar to those
obtained from non-littermate animals, indicating that the strain
difference is not a significant factor in this study. Finally, we
should note that the analysis of a-wave amplitudes using this

Representative electron micrographs of the rod-to-rod bipolar cell synapses from WT and Pd "~ mice. Three exam-
ples of rod synaptic terminals from WT and Pd~/" are chosen from the total of 45 synapses examined for each animal type. r,
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protocol did not reveal a reliable differ-
ence between Pd’~ and WT mice (Fig.
6C). This is another indication that phos-
ducin knock-out does not significantly af-
fect phototransduction, at least within the
sensitivity limits that a-waves may pro-
vide (see above).

Transgenic expression of phosducin or
its mutant lacking phosphorylation
sites rescues the rod-specific phenotype
of phosducin knock-out

All published immunolocalization studies
concluded that the localization of phos-
ducin in the retina is restricted to rods and
cones (Lee et al., 1988; von Schantz et al.,
1994; Sokolov et al., 2004; Chen et al.,
2005), which argues that the ERG b-wave
phenotype of the Pd /" mice has a pre-
synaptic origin. However, the spatial res-
olution of published immunogold data is
not sufficient to completely exclude that a
portion of phosducin might also be ex-
pressed in dendritic tips of bipolar or hor-
izontal cells (Chen et al., 2005), which
calls for additional experiments eliminat-
ing a possibility that phosducin may act
postsynaptically.

We addressed this concern by trans-
genically expressing a myc-tagged phos-
ducin in Pd~’~ mice under the control of
the rod-specific rhodopsin promoter. The localization pattern of
this construct in retina cross-sections visualized by anti-myc an-
tibodies (Fig. 7A) was similar to that of endogenous phosducin
described previously in wild-type retinas (Sokolov et al., 2004),
with most immunostaining observed in inner segments and syn-
aptic terminals. Quantification of myc-tagged phosducin ex-
pressed in this mouse, conducted by quantitative Western
blotting using recombinant myc-tagged phosducin standards
(Fig. 7B), revealed that it was expressed at ~1:50 = 12 molar ratio
to rhodopsin (n = 6), which corresponds to ~25% of its normal
amount in mammalian rods (Sokolov et al., 2004). Testing these
mice with the single-flash ERG protocol indicated that this
amount was sufficient to provide a nearly complete rescue of the
rod b-wave phenotype observed in Pd~/~ mice (Fig. 7C,D; Table
4). These data provide additional confirmation for the presynap-
tic origin of the phosducin knock-out phenotype.

Phosducin is a phosphoprotein, and it has been suggested that
its function in rods is regulated by phosphorylation with PKA
and/or CaMKII kinases (Lee et al., 1984; Bauer et al., 1992;
Yoshida et al., 1994; Thulin et al., 2001; Lee et al., 2004). There-
fore, we repeated the transgenic experiment using a construct
encoding the myc-tagged phosducin mutant lacking all known
phosphorylation sites (we called it noPoP for “no phosphoryla-
tion of phosducin”). Immunostaining revealed a pattern simi-
lar to that of WT myc-tagged phosducin, although the staining
intensity was higher (Fig. 7A). Accordingly, quantitative
Western blotting indicated that the expression level of this
mutant was higher and identical to that of normal phosducin
in WT rods (~1:13 * 3 molar ratio to rhodopsin; n = 6) (Fig.
7B). The ERG analysis of these animals revealed that noPoP phos-
ducin rescued the phosducin knock-out phenotype as efficiently as
the wild-type transgene (Fig. 7C,D; Table 4), indicating that
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Figure9.  The sensitivity of dark-adapted cone-driven b-waves and their desensitization by background light are reduced in P4~ mice. A, Representative ERG responses evoked by flashes of
increasing strength indicated to the left of the graphs recorded from WT (black) and Pd~~ (red) mice in the presence of three background luminance levels (50, 100, and 500 cd/m 2). Ten trials
averaged with interval times of 10 s, which was sufficient to ensure complete recovery between the flashes attributable to the fast cone recovery rate. B, (, Averaged b-wave amplitudes for each
mouse type (n = 5) are plotted as functions of flash strength and fitted to a single term of Equation 1. Dark-adapted cone b-wave amplitudes (black) were calculated from the second term of b-wave
stimulus—response curves as in Figure 2 0. Flash strengths for the dark-adapted series were 0.001, 0.005, and 0.01 cd - s/m? (5 trials averaged with 15 s trial interval time), 0.1, 1and cd - s/m?
(3 trials averaged with 15 s trial interval time), and 5, 50, 100, 500, and 1000 d - s/m 2 (single-flash responses). Fitting parameters are summarized in Table 5.

Table 5. Parameters obtained from fitting the b-wave data in Figures 9, Band ,
and 11,4 and B, to Equation 1

o5 (cd+s/m?) Rinax (V)
w1
Dark 4805 348 = 6.0
50 cd/m? 8.6+ 1.1 201.9 = 3.9
100 cd/m? 182+13 160.6 = 1.8
500 cd/m? 60.1 %25 1535 + 1.6
Pd~"~
Dark 67.5+56 2370 +50
50 cd/m? 30.0 = 6.2 189.0 = 7.0
100 cd/m? 331+13 2052+ 1.8
500 cd/m? 82.0 = 11.0 206.6 + 7.0
6o,
Dark 21+02 2458 = 2.5
10 cd/m? 14+10 2174+ 29
50 cd/m? 39.1+7.0 1893 + 72
100 cd/m? 572+ 26 186.5 = 2.0
500 cd/m? 159.3 = 12.0 166.2 * 3.6
Go, " Pd™/
Dark 14+53 246.9 + 6.9
10 cd/m? 430+52 2525 + 6.8
50 cd/m? 463+ 4.8 209.2 = 49
100 cd/m? 495+53 188.1 + 46
500 cd/m? 1243 + 45 1814+ 19

Errors are given as SEM. The numbers of analyzed eyes were 5WT,5Pd ™=, 11 Ge,™/~,and 11 6o,/ Pd ™/~

phosducin phosphorylation is unlikely to play a role in the un-
derlying mechanism.

Phosducin knock-out does not affect the morphology of rod
synaptic terminals

We next addressed whether the b-wave phenotype of phosducin
knock-out could be associated with any morphological abnor-

malities of the rod-to-rod bipolar cell synapse. Transmission
electron microscopic analysis of three WT and five Pd~ /™ retinas
(at least 15 synapses per retina) did not reveal any notable differ-
ence. This was judged from the overall dimension of the synaptic
terminal, the appearance and length of synaptic ribbons, the in-
vaginations of horizontal cells and dendritic tips of rod bipolar
cells, and the presence of numerous synaptic vesicles. Three ran-
domly chosen images of synapses from each retina type are
shown in Figure 8.

Phosducin knock-out affects cone-driven ERG b-waves to a
larger degree than rod-driven b-waves

We next studied the effects of phosducin knock-out on cone
pathway function. A common approach to isolating cone-driven
ERG components is to subject mice to constant bright light suf-
ficient to completely suppress any rod inputs (Lyubarsky et al.,
1999; Weymouth and Vingrys, 2008). Representative responses
from Pd~’~ and WT mice in the presence of background lumi-
nance of 50, 100, and 500 cd/m? (each completely suppressing
rod ERGs) are shown in Figure 94, and the data averaged from
five eyes of each type are presented in Figure 9, Band C. The latter
panels also contain data for dark-adapted cone b-wave responses
recorded from the same animals before their light adaptation and
calculated by subtracting the rod b-wave component from the
biphasic stimulus—response curve (for details of this analysis, see
description of Fig. 2). Overall, the responses of Pd /" mice ap-
peared as if they were already significantly desensitized in the
dark. Both the amplitudes and the light sensitivities of dark-
adapted b-waves were reduced compared with WT animals, and
background light caused only a small additional desensitization.
This was very different from desensitization of WT responses, in
which background light reduced the maximal b-wave amplitude
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ERGs recorded from dark- and light-adapted G, ™~ and Get, ™~ Pd ™"~ mice. A, ERG responses to flashes of
increasing strength were recorded from Go,, /™ (black) and G, Pd "~ (red) mice in the dark and in the presence of three
background luminances (10, 50, and 500 cd/m ). B, The same experimental protocol was applied to animals after intravitreal

Figure 10.

injections with APB. The data are taken from one of 11 (A) or 3 (B) similar experiments.

and increased the half-saturating flash strength (for a complete
set of parameters, see Table 5).

To investigate this phenomenon more quantitatively, we
switched to using transducin a-subunit knock-out mice (Ga,™),
in which rods are completely unresponsive to light and ERGs are
driven exclusively by cones (Calvert et al., 2000). This enabled us to
measure dark-adapted cone b-wave responses directly and to in-
clude measurements at background light intensities insufficient to
completely suppress rods in WT animals. The G, Pd~"~ double
knock-out mice have been shown previously to have normal ret-
ina morphology (Lobanova et al., 2008), just as the single Ger, ™
knock-out mice (Calvert et al., 2000) that served as controls. Both
mouse types were tested with the complete ERG protocol similar
to that used in Figure 2 but using brighter background lights (10,
50, 100, and 500 cd/m?).

A representative set of ERG responses (Fig. 10A) illustrates
that b-waves recorded from Ga, ’ Pd~’~ mice had reduced
dark-adapted flash sensitivity and resisted additional desensitiza-
tion by background light that was well displayed in control
Ga,”’” animals. As in the case of rod b-waves (Fig. 1B), we
confirmed that b-waves recorded in this experiment originated
primarily from cone ON-bipolar cells by repeating ERG record-
ings after intravitreal injections of APB, which efficiently abol-
ished b-wave responses under all conditions of illumination in
both animal types (Fig. 10 B). b-wave amplitudes averaged from
11 Ga, " Pd™’" and Ga,””~ eyes were plotted as functions of

W‘*"}IM
NS Ny

50 m\ .,Mmmﬁ\ o ,,.W W
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flash strength (Fig. 11 A, B; for a complete
set of individual parameters, see Table 5),
& 500 revealing that the most striking effect of

the phosducin knock-out is a ~20-fold re-
duction in the sensitivity of dark-adapted
cone b-wave responses. Background light
caused additional b-wave desensitization
in Ga,/"Pd™’" mice, reaching approxi-
mately the same light sensitivity level as
Ga,”’~ controls for the brightest back-
ground applied. Therefore, cone-driven
b-waves of G,/ Pd /" mice behaved
approximately normally in the strongly
light-adapted state but lacked the ability
to regain sensitivity in the dark or at lower
levels of background illumination.

To determine whether the desensitiza-
tion observed in each animal type fol-
lowed Weber’s law, we plotted both
b-wave half saturation and the inverse of
the R,,,./I, s ratio as a function of back-
ground luminance (Fig. 11C,D). The data
for the Ga,””~ mice followed Weber’s law
reasonably well (apart perhaps from the
Ga,”’” responses recorded at the bright-
est background). However, G,/ Pd ™/~
mice displayed not only a major reduction
in dark-adapted sensitivity but also a large
change in the background luminance that
desensitized the b-wave, indicative of a
major impairment of light adaptation in
cone-driven b-wave responses.

Opverall, this phenotype resembles the
behavior of rod-driven b-waves, although
the extent of the dark-adaptation impair-
ment was significantly larger. We also
noted that cone-driven b-waves recorded
from Pd~/~ mice were characterized by accelerated recovery
(particularly in the case of Gar,””~ Pd~’"~ mice), although we can-
not offer a mechanistic explanation to this phenomenon based on
available information.

Overall, the analyses of cone-driven b-waves by the two ap-
proaches illustrated in Figures 9 and 11 yielded similar results.
Interestingly, the maximal dark-adapted cone-driven b-wave
amplitudes were nearly identical in Pd~"~, Ga,”’ " Pd"’", and
Ga,”’” mice and ~100 wV smaller than the calculated value for
WT animals from Figure 9B. Given that the values of dark-
adapted b-wave amplitudes in Figure 9 were calculated but in
Figure 11 were directly measured, we consider the latter more
reliable. Therefore, we conclude that the maximal amplitude of
dark-adapted cone b-waves is not affected by the phosducin
knock-out, just as seen for the corresponding parameter in rods.

T AR

5 500

200 ms

The cone-specific phenotype of phosducin knock-out cannot
be explained by a reduced expression of cone transducin

In the last set of experiments, we investigated whether the large
rod/cone difference in the loss of dark-adapted b-wave sensitivity
may be explained by a larger reduction in transducin expression
level in cones versus rods of Pd~/~ mice. This was accomplished
by analyzing both intracellular localization and the expression
level of cone transducin in retinas of P4~/~ mice. Immunostain-
ing of cone transducin a-subunit in Pd~’~ mice indicated that it
is normally localized to cone outer segments (Fig. 12A). Quanti-
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b-wave sensitivity that we observed. Sim-
ilarly, the large reduction of b-wave de-
sensitization in Ga,”’"Pd~/~ mice as
reflected in the Weber plots in Figure
11, Cand D, is more significant than the
reduction in the transducin concentra-
tion, suggesting that the underlying
mechanism resides downstream from
cone outer segments. Finally, the con-
tent of the cone-specific isoform of ar-
restin, Arrd, was normal in Pd~/~ mice
(Fig. 12B), indicating that the overall
health of cones was not affected by the
phosducin knock-out.

Discussion

The modulation of bipolar cell sensitivity by light adaptation was
discovered from the analysis of ERG b-waves more than four
decades ago (Dowling, 1967), yet it remains very poorly under-
stood. Light adaptation at the level of the bipolar cells occurs at
background luminance far dimmer than in photoreceptors and
are reflected by complex biphasic changes in the gain of bipolar
cell response (Dunn et al., 2006). These changes likely occur at
both the level of the bipolar cells themselves and/or the level of the
photoreceptor-to-bipolar synapse (Thoreson, 2007; Snellman et al.,
2008). At higher intensities, light-induced desensitization follows
adaptive changes in the phototransduction cascade in photoreceptor
outer segments (Dunn et al., 2006). Our current study argues that at
least one major underlying mechanism has a presynaptic origin.
We report that knock-out of the photoreceptor-specific protein
phosducin reduces bipolar cell response sensitivity in the dark
and diminishes the degree of response desensitization, which
normally takes place during persistent illumination. These effects
were observed in both rod- and cone-driven pathways, with the
latter affected most significantly.

Established functions of phosducin in photoreceptors
Phosducin is perhaps the most mysterious photoreceptor-
specific protein. Discovered more than two decades ago as a ma-
jor phosphoprotein in rods (Lee et al., 1984, 1987, 1988; von
Schantz et al., 1994), it was subsequently shown to interact with
multiple B7y-subunits of heterotrimeric G-proteins (Lee et al.,
1987, 1992; Miiller et al., 1996). However, both the scope and
specific role(s) of such interactions remain poorly understood.

flash intensity [cd-s/m?]

background light intensity [cd/m?2]

Figure 11.  Dark-adapted cone-driven b-waves in Ger,”~Pd ™ mice are greatly desensitized in the dark. A, B, Averaged
b-wave amplitudes recorded from 11 eyes ofGa,’/’ (A)and Ga,’/’Pd’/’ (B) mice were plotted as functions of flash strength.
The data were fitted using a single term of Equation 1, and the fitting parameters are summarized in Table 5. C, The values of
b-wave half-saturating flash intensities were plotted as a function of background luminance and fitted with the Weber equation,
los = K X (Il + Iy), where Kis a constant, /5 is the background light intensity, and / is the intensity at which b-wave dark
sensitivity was reduced by a factor of 2 (Saszik et al., 2002). The fitting parameters were K = 0.59 = 0.02, /, = 3.6 = 2.4cd/m?
forGa, ™~ mice (coefficient of determination, R? = 0.98) and K = 0.17 = 0.01, /, = 229 = 7 cd/m*for G, ””~Pd~"~ mice
(R = 0.99). D, The Weber analysis of the inverted R,,.,,/l, s ratios was performed as in C. The fitting parameters were K = 0.0032 =
0.0002,y = 3.1 % 1.2cd/m *for Ge, ™~ mice (R* = 0.98) and K = 0.0010 == 0.0001, /, = 158 == 1 cd/m*for e, Pd /"~ mice
(R? = 0.99). It should be noted that these plots were initially fitted with a generalized Weber relation (R.,//o.5)/ (Ruax o s)arc = 1/(1
+ (I,/1,)") (Cameron et al., 2006), where a slope of n = 1 would indicate changes in b-wave sensitivity that were proportional to
changes in background luminance, as assumed in the analysis described above. The slopes were actually close to 1 (n = 0.88 ==
0.04 for G, and n = 1.02 = 0.09 for G, ~Pd ™~ mice).

Early studies suggested that phosducin contributes to light
adaptation in the phototransduction cascade by sequestering the
By-subunits of transducin and preventing efficient transducin
activation by photoexcited rhodopsin (Lee et al., 1984, 1992,
2004). However, this hypothesis was rejected in the study of light
adaptation in phosducin knock-out rods (Krispel et al., 2007).
Conversely, the same study established that phosducin is in-
volved in the regulation of transducin expression level because
rods of phosducin knock-out mice contain 20-30% less transdu-
cin than normally. Here we demonstrate that a comparable
~40% reduction in transducin takes place in cones of these mice.
Another function of phosducin, also revealed in the studies of
Pd~’" mice, is to facilitate the light-driven translocation of trans-
ducin By-subunit from rod outer segments (Sokolov et al., 2004),
presumably by promoting the dissociation of the y-subunits
from the disc membranes of rod outer segments (Lee et al., 1992;
Yoshida et al., 1994; Kosloff et al., 2008). However, both of these
phosducin knock-out phenotypes are relatively modest, which
may suggest that the major function of phosducin remains to be
uncovered.

Phosducin participates in the regulation of synaptic
transmission in rods and cones

The role of phosducin in photoreceptor synaptic transmission
was first proposed in Nakano et al., (2001), based on the obser-
vation that a fraction of phosducin resides in rod synaptic termi-
nals. However, this idea had not been tested experimentally and
in fact phosducin localizes not just to synapses but to all subcel-
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tion on the level of synaptic transmission.
Furthermore, b-wave desensitization by
background light is normal in Gy,™~
mice (after applying appropriate correc-
tions to account for the dark sensitivity
reduction) (Fig. 3), whereas in Pd~'~
mice this desensitization is diminished.
This is despite a complete lack of alter-
ation in light adaptation in the photo-
transduction of Pd~’~ mice documented
in exhaustive studies of their rods by suc-
tion electrode recordings (Krispel et al.,
2007).

Another argument that phosducin
regulates photoreceptor output inde-
pendently of phototransduction is that
dark-adapted Pd~/~ mice have normal
maximal amplitudes of rod- and cone-
driven ERG b-waves despite their reduced
light sensitivity. However, when a compa-
rable reduction in b-wave sensitivity is
caused by persistent illumination in wild-
type mice, the maximal b-wave ampli-
tudes are reduced as well. Therefore, the
loss of b-wave sensitivity in dark-adapted
Pd~’~ mice must depend on alternative
mechanisms.

amount. 4, Confocal fluorescence images of retina cross-sections from WT and Pd "~ mice stained with antibodies against the

cone-specific Gex, subunit (red) and anti-peanut agglutinin lectin (green) marking the cone cell surface. B, A representative
~and Ger,”/~Pd ™/~ mice. Western blots of retina lysate aliquats
from Ga,_/_ and Ga,_/_Pd_/_ mice containing equal amount of total protein (15 y.g) were probed with specific antibodies
against cone Gy, The same samples were probed with antibodies against the cone-specificisoform of arrestin (Arr4) and actin. The
densitometry of protein bands, conducted as described in Materials and Methods, revealed a 43% reduction of cone Gey, in
Ga,_/_Pd_/_ retinas and unchanged amounts of Arr4 and actin. The data are taken from one of four similar experiments.

example of quantification of cone Gey, in the retinas of Ger,

lular compartments of the photoreceptor cell (Thulin et al., 1999;
Sokolov et al., 2004).

Here we provide the first experimental evidence that phosdu-
cin indeed contributes to the regulation of synaptic transmission
in photoreceptors. Both rods and cones of phosducin knock-out
mice behaved as if they were persistently desensitized. The dark
sensitivity of ERG b-waves was reduced by ~20-fold for the cone-
driven and by ~3-fold for the rod-driven responses, and the
extent of response desensitization caused by background light
was also diminished for both cell types. We conclude that this
phenomenon originates primarily from mechanism(s) in photo-
receptors acting downstream from phototransduction, based on
the following arguments.

Although phosducin knock-out causes a reduction in trans-
ducin content in rods and cones, the degree of this reduction is
grossly insufficient to explain the loss of b-wave sensitivity in
dark-adapted Pd~"~ mice. This is well illustrated by a direct com-
parison of the light responses in two mouse lines, phosducin
knock-out and Gy, hemizygote. Both display a similar reduction
in transducin content in their rods, causing a nearly identical
~1.5-fold reduction in the sensitivity of dim flash rod photore-
sponses recorded by suction electrodes. However, the sensitivity
reduction for dark-adapted rod-driven b-waves in Pd~/~ mice is
2.7-fold, whereas in G71+/ ~ mice, it is only 1.7-fold. Thus, the
sensitivity reduction in the phototransduction cascade of Gy, "/~
mice translates nearly linearly into the sensitivity reduction of
their rod-driven b-waves. In contrast, the lack of phosducin
strongly amplifies the sensitivity reduction in phototransduc-

Hypotheses on the role of phosducin in
synaptic transmission

The mechanisms by which phosducin reg-
ulates synaptic transmission are com-
pletely unknown. Because the only well
documented molecular partners of phos-
ducin are the Bry-subunits of heterotri-
meric G-proteins, it is tempting to speculate that synaptic
transmission in photoreceptors is regulated by a yet-to-be-
identified mechanism involving G-protein action. Indeed, there
are multiple indications that G-protein signaling mechanisms
distinct from phototransduction may affect photoreceptor syn-
aptic output. For example, Koulen et al. (1999), Higgs and
Lukasiewicz (2002), Hosoi et al. (2005), and Koulen et al. (2005)
suggested that presynaptic metabotropic glutamate receptors
from groups II and III inhibit the glutamate release from photo-
receptor synapses, thus imposing a negative feedback loop that
restricts the strength of synaptic output in the dark. Another
G-protein-coupled receptor found in photoreceptors is the do-
pamine D, receptor, which regulates the intracellular cAMP level
(Cohen et al., 1992; Jackson et al., 2009). The mechanistic details
of how these pathways are organized remain to be explored. One
possibility is that GB7y-subunits could directly act on the synaptic
release machinery, a regulatory mechanism documented in other
neurons (Blackmer et al., 2001; Yoon et al., 2007, 2008). However
the relevance of this GBy function to ribbon synapses, which are
present in photoreceptors and bipolar cells in the retina and sev-
eral other cell types, has not been explored yet. Phosducin bind-
ing to GBy in synaptic terminals could potentially restrict Gy
availability for the downstream targets. Alternatively, phosducin
could sequester GB7y from their Ga-subunit partners, which
could impair their ability to be subsequently activated by the
corresponding receptors. Alternatively, phosducin may be en-
gaged in the regulation of Ca** dynamics at the synapse. In this
case, it would modulate the synaptic output indirectly by affect-
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ing the light-induced suppression of vesicle release caused by
flash or background light.

Finally, we should note that neither of the above hypothetical
mechanisms is likely to rely on phosducin phosphorylation be-
cause our data with transgenically expressed noPoP phosducin
mutant indicate that phosducin phosphorylation is not required
for its role in b-wave modulation. The same likely applies to the
previously documented interaction of phosducin with the 14-3-3
protein (Nakano et al., 2001; Thulin et al., 2001) because 14-3-3
interacts specifically with phosphoproteins.

In summary, we have established that the light sensitivity of
synaptic output from rods and cones is regulated by a novel
phosducin-dependent mechanism. Elucidating the molecular
details of this regulation is a challenge for future studies.
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