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PURPOSE. Visual arrestins (ARR) play a critical role in shutoff of rod and cone photo-
transduction. When electrophysiological responses are measured for a single mouse cone
photoreceptor, ARR1 expression can substitute for ARR4 in cone pigment desensitization;
however, each arrestin may also contribute its own, unique role to modulate other cellular
functions.

METHODS. A combination of ERG, optokinetic tracking, immunohistochemistry, and
immunoblot analysis was used to investigate the retinal phenotypes of Arr4 null mice
(Arr4�/�) compared with age-matched control, wild-type mice.

RESULTS. When 2-month-old Arr4�/� mice were compared with wild-type mice, they had
diminished visual acuity and contrast sensitivity, yet enhanced ERG flicker response and
higher photopic ERG b-wave amplitudes. In contrast, in older Arr4�/� mice, all ERG
amplitudes were significantly reduced in magnitude compared with age-matched controls.
Furthermore, in older Arr4�/� mice, the total cone numbers decreased and cone opsin
protein immunoreactive expression levels were significantly reduced, while overall
photoreceptor outer nuclear layer thickness was unchanged.

CONCLUSIONS. Our study demonstrates that Arr4�/� mice display distinct phenotypic
differences when compared to controls, suggesting that ARR4 modulates essential functions
in high acuity vision and downstream cellular signaling pathways that are not fulfilled or
substituted by the coexpression of ARR1, despite its high expression levels in all mouse
cones. Without normal ARR4 expression levels, cones slowly degenerate with increasing age,
making this a new model to study age-related cone dystrophy.
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Arrestins compose a family of four proteins that are essential
for desensitization of numerous G-protein coupled recep-

tors (GPCRs). In mammals, there are two visual arrestins,
Arrestin 1 (ARR1, also called S-Antigen or 48 kilo Dalton
protein)1–3 and Arrestin 4 (ARR4, also called cone arrestin
[CAR], X-arrestin, or ARR3 in the NCBI gene nomenclature).4,5

Previous work clearly demonstrated the functional roles of
visual arrestins in mouse models in which these two genes are
individually or simultaneously ablated (Arr1�/�, Arr4�/�, or
Arr1�/�Arr4�/�).6–9

After opsins have been light-activated, their shutoff begins
with multiple phosphorylations by G-protein coupled receptor
kinase 1 (Grk1) for rhodopsin,10,11 and depending on the
species, either Grk1 or Grk7 for cone opsins.12–16 These
phosphorylated opsins are subsequently bound by either ARR1
or ARR4, which are sterically inhibited from further activation

of the downstream G-protein, alpha (a) transducin. Arrestin 1 is
primarily responsible for the signal shutoff of rhodopsin in
rods; in contrast, in murine cones both ARR1 and ARR4 are
coexpressed and desensitize short (S-) or middle (M-) wave-
length opsins.8 Compared with ARR4, ARR1 has a 50-fold
higher concentration in cone photoreceptors and can substi-
tute for ARR4 in the shutoff of S- or M-opsin.8 When measuring
the single cone photoreceptor physiological response after a
bright light stimulus, experiments demonstrate that mice
without expression of both visual arrestins have limited and
delayed recovery, underscoring the critical role of the visual
arrestins in normal phototransduction shutoff.

Recent evidence suggests that ARR4 plays a unique role in
other visual functions for which ARR1 cannot substitute and
vice versa. Zebrafish retina studies of the ARR4 ortholog, Arr3a,
have demonstrated that it plays a vital role in maintaining the
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normal optokinetic response of zebrafish larvae across
temporal frequencies.17 In contrast, ARR1, but not ARR4,
was shown to modulate the mouse rod photoreceptor
presynaptic exocytotic synaptic function of N-ethylmaleimide
sensitive factor (NSF) and to contribute to normal light
adaptation.7,9

In this study, we further investigated Arr4�/�mice8 to assess
the contribution of ARR4 to overall cone visual function. In
previous published work, Arr4�/� mice had enhanced phot-
opic ERG amplitudes and abnormal flicker response compared
to controls (WT).7 We performed optokinetic tracking (OKT)
studies to determine if these abnormal photopic ERG
amplitudes corresponded to downstream functional changes
in either visual acuity or contrast sensitivity. We also examined
the cone photoreceptor morphology of Arr4�/� mice as they
age, to determine if the observed abnormal retinal physiology
and behavioral defects in younger mice contributed to greater
visual deficits or increased cone degeneration over time.

MATERIALS AND METHODS

Mice

Mice that were Arr4�/� were produced on a mixed C57Bl/6J-
129SVJ strain (WT) background8 and reared in a 12 hour: 12-
hour light/dark cycle and tested at age 2, 4, 7, and 9 months.
The mice tested for OKT were 3 to 4 months old. The 2- and 4-
month-old mice were phenotypically identical, as were the 7-
and 9-month-old mice, so they were separated into two groups:
‘‘younger’’ mice aged 2 and 4 months and ‘‘older’’ mice aged
‡7 months. Mice of either sex were used for experimental
procedures. All animals were treated according to the
guidelines established by the Institute for Laboratory Animal
Research (Guide for the Care and Use of Laboratory Animals),
conformed to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, and were approved by the
appropriate animal committees of the University of Southern
California and the Atlanta VA Medical Center.

Optokinetic Tracking (OKT)

For optokinetic tracking, mice were placed on a platform in the
center of a virtual-reality chamber, which is composed of four
computer monitors (OptoMotry; Cerebral Mechanics, Leth-
bridge, AB, Canada), as previously described.18 A vertical sine
wave grating rotated across the monitors at a speed of 128/s. Mice
were monitored for reflexive head movements in the direction of
the rotating gratings using a video camera positioned above the
animal. For visual acuity assessment, the grating started at a 0.042
cyc/deg spatial frequency with 100% contrast and increased in a
staircase paradigm until the maximum spatial frequency thresh-
old was reached. Contrast sensitivity curves were measured
across five spatial frequencies (0.031, 0.064, 0.092, 0.103, and
0.192 cyc/deg).19

ERG Analysis

Following 12 hours of dark adaptation, ERG studies were
performed as previously described in detail.7 Briefly, white
background light at 8 foot candle (200 cd) was delivered
through one arm of a bifurcated glass fiber optic for 1 minute
before the first flash response was recorded, and this
background light remained on throughout all recordings. Flash
stimuli of 10 ls duration, from 0.2 to 20 Hz, were delivered
through the other arm of the fiber optic. The source of the
flash stimuli was a Xenon flash bulb with the ultraviolet filter
removed in order to permit transmittance of shorter wave-
lengths (<400 nm). The delivery arm of the fiber optic was
affixed to the flash unit directly under and 7 cm from the

Xenon flash bulb. Additional flash responses were recorded
every 2 minutes after the first flash until 15 minutes of light
adaptation (Supplementary Figs. S3A, S3B). The light-adapted
single-flash recordings were taken 1 minute after the light
adaptation recordings concluded (16 minutes total of light
adaptation). Maximum flash intensity at the surface of the
cornea was 2.01 log (scot cd/m2) and calibrated with a
photometer (model S350 laboratory photometer with a model
211 illuminance sensor head; UDT Instruments, San Diego, CA,
USA). For some studies, reduction in intensity (from 2.01 to
�1.59 log scot cd/m2) was achieved by the use of both neutral
density Wratten filters and the 16X to 1X flash intensity
settings on the Grass visual stimulator. The optimal flash
intensity that resulted in the greatest difference between young
WT and young Arr4�/� b-wave amplitude was 2.01 log (scot
cd/m2; Supplementary Fig. 2D), so this was the intensity used
for the studies presented here.

The brighter background light was intended to saturate the
rods and minimize the contribution of rod signal to the
photopic ERG. The amount of background light used for this
purpose varies from study to study, and 200 cd/m2 is at the
higher end of this range. However, we have no evidence that
this higher background light has a deleterious effect on cone
function. An analysis of background light levels showed that
the shape of the ERG does not change with background light at
this level, although implicit times may be decreased.20

Immunoblot Analysis

Each eye was enucleated and the retina removed. After
dissection, each retina was flash frozen on dry ice and
maintained at �808C until use. Each frozen retina was
homogenized; 60 lg of protein per retina were resolved on
replicate 10% SDS-PAGE, transferred to nitrocellulose mem-
branes (LI-COR Biotechnology, Lincoln, NE, USA), incubated
sequentially with antibodies for anti b-actin (1:4000) and either
anti-S-opsin (1:5000), or anti-M-opsin (1:5000).16 Appropriate
secondary antibodies conjugated to a fluorophore (680 nm or
800 nm) allowed detection using an infrared detection system
(Li-Cor Odyssey; LI-COR Biotechnology). We used imaging
software (Image Studio, LI-COR Biotechnology) to quantify the
intensity of each band. The linear relationship between the
amount of immunoreactive protein on the membrane and the
fluorescence intensity detected by the infrared detection system
(LI-COR Biotechnology)21,22 allows direct and quantitative
comparisons between the ratio of two proteins across multiple
blots. Relative amounts of the opsins were calculated by dividing
the intensity of the M- or S-opsin band by the intensity of the b-
actin band. The average of the WT younger samples was set as
100%.8

Immunohistochemistry (IHC)

Materials and methods were previously published for IHC.16

Briefly, the retinal sections were obtained from the eyes fixed
in 4% paraformaldehyde in PBS for 1 hour on ice. Each lens was
removed prior to embedding in optimal cutting temperature
(OCT) medium (Sakura Finetechnical Co., Ltd., Torrance, CA,
USA) and snap frozen in liquid nitrogen. Frozen retinal sections
were cut in a cryostat at 10-lm thickness along the vertical
meridian through the optic nerve and were placed on glass
slides (three sections per slide, SuperFrost Plus; VWR
International, Radnor, PA, USA).

Sections were rehydrated in PBS and blocked with blocking
buffer (10% ChemiBlocker, 0.5% Triton X-100; Millipore Corp.,
Billerica, MA, USA) for 30 minutes at room temperature, then
incubated at 48C overnight with affinity purified rabbit
polyclonal antibodies for anti- mouse S- or M-opsin peptide
(dilution 1:1000).16 Sections were washed three times in PBS
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and incubated for 1 hour at room temperature in AlexaFluor
488-conjugated anti-rabbit secondary antibody (1:500; Invitro-
gen, Carlsbad, CA, USA), then mounted with mounting
medium with DAPI (Vectashield, Vector Laboratories, Burlin-
game, CA, USA) and covered with a glass coverslip.

The same IHC procedures described above were used for
whole-mount immunological analysis, except for the following
antibody incubation times: primary and secondary antibodies
were each sequentially incubated for 36 hours. Slides were
viewed and imaged using either a Leica DMR fluorescent
microscope (Leica Microsystems, Buffalo Grove, IL, USA) using
a 320 dry lens or a confocal microscope (Carl Zeiss LSM-510;
Carl Zeiss Microscopy, Jena, Germany) with a 340 oil

immersion lens equipped with a digital camera (SPOT

SP401–115, software version 3.5; Diagnostic Instruments,

Inc., Sterling Heights, MI, USA).

Intensity Measurements

Images were recorded using the digital camera with identical

exposure times for all retinas studied. The average pixel

intensity of the photoreceptor layer was quantified in ImageJ23

(http://imagej.nih.gov/ij/; provided in the public domain by

the National Institutes of Health, Bethesda, MD, USA) at equally

spaced regions across each retina section, from the ON to 2.1

mm away in either direction (inferior and superior).

FIGURE 1. (A) Visual acuity thresholds of 4-month-old WT mice compared with Arr4�/�mice. Mice that are Arr4�/� have a significantly lower visual
acuity threshold than WT mice (P < 0.001). (B) Contrast sensitivity thresholds (arbitrary units ¼ a.u.) of 4-month-old WT and Arr4�/� mice at
multiple frequencies (cyc/deg). At all midrange frequencies, Arr4�/� mice display lower contrast sensitivity thresholds compared with WT. *P <
0.05. **P < 0.01.

FIGURE 2. (A) Representative photopic ERG tracings for 2-month-old Arr4�/� and WT mice; ITa is the implicit time, or the time from the stimulus to
the peak of the wave, for the a-wave; ITb is the implicit time for the b-wave. (B) A-wave amplitudes of younger (2 months) and older (‡7 months)
WT and Arr4�/�mice. Older Arr4�/�mice have significantly lower amplitudes than younger Arr4�/�mice (***P < 0.001) and older WT mice (*P <
0.05). (C) B-wave amplitudes of younger and older WT and Arr4�/�mice. Younger Arr4�/�mice have significantly higher b-wave amplitudes (*P <
0.05), while older Arr4�/� b-wave amplitudes are significantly decreased compared with younger Arr4�/� amplitudes (***P < 0.001). Amplitudes of
WT also decrease with age. **P < 0.01.
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Cone Cell Counts

Confocal micrographs of the whole-mounted retinas (n¼ three
animals per group) were taken at the focal level of the outer
segments of M- and S-opsin immunologically stained cones,
covering a 300 3300 um2 area at both the superior and inferior
regions (1 mm away from optic disc) of the retina. Each cone
outer segment was then marked by a visual dot, using photo
editing software (Photoshop; Adobe Systems, Inc., Mountain
View, CA, USA), to facilitate accurate counting.

Outer Nuclear Layer Thickness Measurement

Staining with DAPI was performed as described for IHC above.
The fluorescence of DAPI for each entire retina section was
captured using a fluorescent microscope (320 objective, Leica
DMR; Leica Microsystems) with a SPOT imaging program.
Images were stitched together with photo editing software
(Adobe Systems, Inc.) to recreate the whole vertical section of
the retina. Starting 0.3 mm from the optic nerve, the number of
layers of nuclei were counted7 every 0.6 mm on both the
inferior and superior sides of the retina.

Statistical Analysis

Statistical analysis was performed using two-way ANOVA and
Student’s t-tests with graphing software (GraphPad Prism 6;
GraphPad Software, Inc., La Jolla, CA, USA) or three-way
ANOVA with statistical software (SPSS Statistics, IBM Corp.,
Armonk, NY, USA). Huynh-Feldt correction factors were used
when the data failed the Machly’s test of sphericity. Post-hoc
tests were performed using Student’s t-tests with rough false
discovery rate correction factor24 to decrease the chance of
Type II Errors.

RESULTS

OKT Studies Reveal Decreased Visual Acuity and
Contrast Sensitivity in Arr4�/� Mice

Based on our original hypothesis that visual acuity or contrast
sensitivity would be compromised in Arr4�/� mice, OKT was
used to measure visual acuity and contrast sensitivity in Arr4�/�

mice compared to WT. Spatial frequency and contrast sensitivity
thresholds are commonly used as measurements of functional
visual performance in rodents. Because data from a previous
study noted abnormally high photopic ERG amplitudes in 1-
month-old Arr4�/� mice,7 OKT studies were performed to
determine the effect of the absence of ARR4 expression on
visual function. Four-month-old Arr4�/� mice have significantly
reduced visual acuity thresholds compared with WT mice (Fig.
1A; Student’s t-test P < 0.001). The average contrast sensitivity
threshold function for each genotype at multiple spatial
frequencies (cyc/deg) is shown in Figure 1B. Mice that are
Arr4�/� have significantly lower contrast sensitivity thresholds
than WT mice at all midrange spatial frequencies (two-way
repeated ANOVA F[5,89]¼ 4.55, P < 0.001).

Physiological Response of Young Arr4�/� Mice Is
Abnormal Compared to WT

The functional vision deficits displayed in the OKT of 4 month
old Arr4�/�mice indicate a problem with visual signaling and/or
downstream processing, although the photopic ERG recording
of 1-month-old Arr4�/� mice was abnormally high. We
hypothesized that the abnormal signaling would lead to visual
deficits in older Arr4�/� mice. In order to determine if age-
related changes were occurring in the retina, photopic ERGs
were performed in age-matched Arr4�/� and WT mice aged 2
and ‡7 months.

Representative waveforms to single flash stimuli from light-
adapted mice are shown in Figure 2A. In single flash tracings,
the a- and b-wave amplitudes are shown (Figs. 2B, 2C). The
younger Arr4�/� mice display larger photopic ERG amplitude
responses compared with WT controls, which is consistent
with published results.7

Analyses of the a-wave amplitudes showed significant
differences in amplitudes between genotypes that were
dependent on age (two-way ANOVA interaction effect, F[1,26]
¼ 5.03, P < 0.05; Fig. 2). We found a significant decrease in a-
wave amplitude across age in Arr4�/�mice (P < 0.001), but not
WT mice. The a-wave amplitude in older Arr4�/�mice was even
significantly lower than older WT mice (P < 0.05).

Electroretinogram b-wave amplitudes were significantly
decreased in old versus young mice (two-way ANOVA main
effect, F[1,25] ¼ 27.37, P < 0.001), with WT mice decreasing
by 28% (P < 0.01) and Arr4�/� mice by 45% (P < 0.001). In
addition, younger Arr4�/�mice had significantly higher b-wave
amplitude than younger WT mice (P < 0.05). Our results show
that both a- and b-wave amplitudes decrease with age in the
Arr4�/� mouse.

Representative flicker waveforms are shown in Figure 3A.
Younger Arr4�/� mice had significantly higher amplitudes
compared with older Arr4�/�mice at all frequencies (three-way
ANOVA, frequency x age interaction F[2,14]¼ 4.53, P < 0.05).
Thus, flicker ERG responses decrease with age for Arr4�/�while
WT responses remain unchanged.

Immunoblot Analysis Reveals a Decrease in M- and
S-Opsin Expression in Older Arr4�/�Mouse Retinas

The decrease in photopic ERG signal in the older Arr4�/�mice
led us to the hypothesis that M- or S-opsin expression level in
the mice may correlate with the observed differences in
photopic ERG amplitudes. Immunoblot analysis of total retinal
protein was performed in order to test this hypothesis (Fig. 4).
Immunoreactive M-opsin protein expression level decreases
with age in Arr4�/�mice; however, no decrease was observed
in WT (two-way ANOVA F[1,8] ¼ 15.60, P < 0.01; Fig. 4B).

For immunoreactive S-opsin, no significant interaction is
observed between age and genotype, but each variable
contributes independently to the variation between groups
(two-way ANOVA main effects of age F[1,8]¼37.19, P < 0.001,
and genotype F[1,8] ¼ 43.29, P < 0.001; Fig. 4D). There is a
significant difference between younger Arr4�/� and older
Arr4�/�mice (P < 0.001), and older WT express more S-opsin
than older Arr4�/� mice (P < 0.001).

M-Opsin Expression Is Increased in the Inferior
Retina of Young Arr4�/�Mice, but in Older Mice Is
Similar to WT

The immunoblot studies determined differences in M- and S-
opsin expression in the older Arr4�/� mice, but this analysis
could not determine whether these changes in protein
expression occurred on the inferior region, superior region, or
both regions of the retina. In order to test our hypothesis that the
change in cellular expression pattern of M- and S-opsin is
different in the superior and inferior regions of the retina, IHC
studies were done on retinal sections to compare immunological
staining intensity in the inferior versus superior retina, as well as
at defined distances from the optic nerve. Intensities of M-opsin
varied by location, age, and genotype (three-way ANOVA
interaction, F[6,76] ¼ 2.6, P < 0.05). In general, M-opsin
intensities were significantly lower in the inferior retina
compared to the superior retina across all genotypes and age
(P < 0.001, Fig. 5). In the inferior retina, younger Arr4�/�mice
have significantly higher M-opsin intensity than younger WT (P<
0.05 or P < 0.01) and older Arr4�/� mice (P < 0.01 or P <
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0.001). In contrast, M-opsin intensity in the WT mice does not
change significantly with age.

The overall S-opsin intensities showed an opposite pattern
to the M-opsin intensities, with significantly lower intensities in
the superior retina (three-way ANOVA, main effect of location
F[4,59] ¼ 36.3, P < 0.001; Fig. 6). No differences in S-opsin
intensities for age or genotype were found.

M- and S-Opsin Cone Numbers Decrease With Age
in Arr4�/� Mouse Retinas

Based on the immunoblot and IHC analysis results indicating
that the older Arr4�/� mice express less M- and S-opsin, we
hypothesized that the older Arr4�/� had experienced cone
dystrophy, resulting in a decrease in cone number. To clarify if
the differences in M- and S-opsin protein expression were due
to differential expression in each cone or a difference in total
cone number, M- and S-opsin–labeled cone photoreceptor

numbers were quantified directly. In mice, M- and S-cones have
different expression patterns in the inferior versus superior
retina, so these areas were counted separately.25

The number of immunoreactive M-opsin cones was
significantly different in the superior and inferior regions of
the retina with interactions between age and genotype (three-
way ANOVA F[1,8] ¼ 15.6, P < 0.01; Fig. 7A). There are
significantly fewer M-opsin cones in the inferior retina of older
Arr4�/� compared with both younger Arr4�/� (P < 0.001) and
older WT (P < 0.001). The pattern is similar in the superior
retina, with fewer M-opsin cones in older Arr4�/� compared to
both younger Arr4�/� (P < 0.01) and older WT (P < 0.01). The
number of M-opsin cones in the inferior retina also decreases
in WT mice as they age (P < 0.05).

The number of S-opsin cones was significantly lower in the
superior retina compared with the inferior retina, which
depended on genotype or age (three-way ANOVA location x

FIGURE 3. (A) Representative photopic response ERG tracings for younger Arr4�/� and WT mice with 10-Hz flicker stimulus. (B) Average b-wave
amplitudes in response to multiple flicker frequencies. At all frequencies, Arr4�/�mice at 2 months of age are significantly higher than Arr4�/�mice
at 7þmonths. **P < 0.01. *P < 0.05). There are no other significant comparisons.

FIGURE 4. (A) Immunoblot analysis of total retinal protein homogenates from SDS-PAGE for three WT and three Arr4�/� younger animals (2 months)
and older animals (‡7 months). Blot was probed for M-opsin and b-actin expression. (B) Quantification of the intensity of each M-opsin band (see
‘‘Methods’’). In Arr4�/� younger mice, M-opsin is significantly higher than Arr4�/� older mice (**P < 0.01), and the intensity in WT older mice is
significantly higher than Arr4�/� older (*P < 0.05). (C) Immunoblot analysis of 60 lg of total retinal protein probed for S-opsin and b-actin. (D)
Quantification of the intensity of each band. Arr4�/� older is significantly lower than Arr4�/� younger (***P < 0.001) and WT older mice (***P <
0.001).
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genotype F[1,8]¼ 9.8, P < 0.01; location x age F[1,8]¼ 17.4, P

< 0.01; genotype x age F[1,8]¼ 9.2, P < 0.05). In the inferior
retina, S-opsin cone numbers decrease in both the WT (P <
0.05) and Arr4�/� (P < 0.01) mice across age. Additionally, older
Arr4�/� retinas have fewer S-opsin cones than older WT retinas
in both the inferior (P < 0.01) and superior (P < 0.01) retina.

We hypothesized that the photoreceptor loss was specific to
cones and would not affect the number of rods in the older
Arr4�/�mice. To determine if the deterioration of cones in older
Arr4�/� corresponded with an overall degeneration of photore-
ceptors, including rods, the thickness of the outer nuclear layer
of the retina was measured for all groups. We found no significant
differences between genotype, age, or location, indicating that
the photoreceptor outer nuclear layers remain the same in
Arr4�/�mice and WT mice across age. The results are consistent
with a previous study of young Arr4�/� and WT mice.7

DISCUSSION

WT Young Versus Arr4�/� Young Mice

Visual ARR1 can substitute for ARR4 in both S- and M-opsin
mouse phototransduction signal shutoff at the single cell

level8; however, our results clearly demonstrate that the lack of
ARR4 alone contributes to visual phenotype abnormalities. For
example, young Arr4�/�mice display enhanced photopic ERG
b-wave amplitudes (Fig. 2C). We propose that this increase is
due, at least in part, to a surprising elevated M-opsin expression
in the inferior retina (Fig. 5). Single-cell recordings of cone
photoreceptors have confirmed that the expression level of the
cone opsins is positively correlated with cone functional
signaling.26,27 In addition, previous work in rodents has
indicated that scotopic ERG amplitudes are positively correlat-
ed with rhodopsin expression levels,28,29 so it is feasible to
predict that this elevated M-opsin expression would also be
correlated with higher photopic ERG amplitudes.

Although patients with enhanced S-cone ERG without
widespread retinal degeneration have been reported,30,31

supernormal cone ERG amplitudes are not commonly ob-
served. When rod phototransduction signaling is compro-
mised,32–34 enhanced cone ERG amplitudes are observed prior
to degeneration and a few molecules even increase photopic
ERG amplitudes.35–39 Enhanced photopic ERG amplitudes have
also been observed in rats with streptozotocin-induced
diabetes mellitus.40 Based on these other studies, Arr4�/�

FIGURE 5. (A) Representative images of IHC analysis of retinal sections for M-opsin (green). DAPI nuclear stain is in blue. (B) Quantification of
fluorescent intensity of M-opsin IHC staining. Intensities of M-opsin were higher in the superior retina for all ages and genotypes (P < 0.001).
Additionally, younger Arr4�/�mice have significantly higher M-opsin–labeled fluorescent intensity than younger WT mice in the inferior retina (*P <
0.05 or **P < 0.01). Younger Arr4�/� mice have significantly higher M-opsin label fluorescent intensity than older Arr4�/� mice throughout the
inferior retina as well. **P < 0.01. ***P < 0.001.
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visual deficits may provide additional links to understanding
the cellular and molecular mechanisms.

In addition, Arr4�/�mice performed worse than WT mice in
OKT behavioral measurements of visual acuity and contrast
sensitivity (Fig. 1). A recent study in zebrafish larvae observed
that knockdown of expression of Arr3a, the ARR4 ortholog,
causes deficits in optokinetic responses to moving images across
many temporal resolutions.17 These results indicate that cone
arrestin is crucial for contrast sensitivity, which in zebrafish is
mediated by L- and M-opsin cones,41,42 and this is consistent
with our observation that lack of ARR4 expression in mice leads
to a decrease in visual acuity and contrast sensitivity.

There are other rodent models that display defects in
optokinetic responses, but usually these functional deficits are
accompanied by widespread photoreceptor degeneration,
increases in lens opacity, and/or decreases in ERG ampli-
tudes.43–47 Notable exceptions to this are the amacrine cell-
specific tyrosine hydroxylase targeted knockout mouse (rTHKO)
and knockout models of two GPCR dopamine receptors, Drd1

and Drd4. Drd4�/� mice have a decrease in contrast sensitivity
compared to WT, while Drd1�/� mice have decreased spatial
frequency thresholds compared with WT, and rTHKO display
decreases in both contrast sensitivity and visual acuity.48 It is
clear from these data that dopamine and its receptors play an
important role in the optokinetic responses, although the

molecular mechanism of this process is still under investigation.

Recent results indicate that ARR4 plays a role in the

desensitization of Drd4, which we hypothesize contributes to

the decreased contrast sensitivity observed in both Arr4�/� and

Drd4�/� mice.49

While the cellular and molecular mechanisms are still under

exploration, the current study demonstrates that expression of

normal levels of ARR4 has other modulatory roles in maintaining

viable, metabolically healthy cone photoreceptors aside from

cone pigment shutoff. Because of the earlier appearance of these

visual phenotypes by 2 months, we propose that these roles

include developmental triggers and maintenance of daily

regulation of cone gene expression. This hypothesis is consistent

with our results, which indicate that each M-opsin expressing

cone on the inferior side of the young Arr4�/� retina produces

more M-opsin protein than WT (Fig. 5), while overall M-opsin

cone number is not significantly altered in younger Arr4�/�mice

compared to WT mice (Fig. 7). The immunoblot analysis of M-

opsin content did not show an increase in M-opsin in the young

Arr4�/� retina (Fig. 4A), but we believe that because the increase

only occurred in the inferior region of the retina, the difference

was not large enough to detect using the total retina homogenate

on the immunoblot.

FIGURE 6. (A) Representative images of IHC analysis of retinal sections labeled for S-opsin (green); DAPI nuclear stain is blue. (B) Quantification of
IHC fluorescent intensity of S-opsin reveals no significant differences between groups.
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WT Old Versus Arr4�/� Old Mice

We also observe clear phenotypes in older Arr4�/� mice
compared to WT. The total immunoreactive retinal expression
of M-opsin and S-opsin is decreased in older Arr4�/� mice,
while WT remains unchanged (Figs. 5, 6). These data are
consistent with the M- and S-opsin cone counts, which reveal
an age-dependent degeneration of cone numbers in older
Arr4�/� mice (Figs. 7A, 7B). In age-matched WT mice, a small
but insignificant loss of cones occurs. Follow-up studies were
performed to examine hallmarks for cellular apoptosis using
TUNEL staining in mouse retina sections at 2, 5, 7, and 9
months, but no significant differences were noted between
Arr4�/� and WT mice (data not shown). This suggests that the
observed cone dystrophy occurs as a gradual degeneration
over time. Outer nuclear layer thickness remained consistent

with WT for both younger and older Arr4�/� (Fig. 7C),
indicating that there is no significant rod degeneration. Thus,
the degeneration observed in the cones does not affect rod
viability and should have no effect on rod structure or function.

Since we observe a significant defect in photopic physiolog-
ical signaling in the younger Arr4�/� mice, the cone dystrophy
observed in the older mice may be the result of a slower but
cumulative decrease in cone phototransduction shutoff. Alter-
natively, ARR4 may have other modulatory cellular and
developmental partners and interact with GPCR pathways in
vivo that are unique and linked to ARR4’s functions. Although
ARR4 does translocate into the cone outer segments after bright
light exposure, a significant amount of ARR4 remains distributed
throughout the synapse and the cell body of cones.50 The reason
for this is still unclear, but we hypothesize that ARR4 is essential
for performing other critical functions in the cone photorecep-

FIGURE 7. (A) Number of M-opsin IHC-stained cones in a 300 3 300 lm2 area for young and old WT and Arr4�/�mice. Inferior retina regions had
fewer M-cones than superior regions. In both the inferior and superior retina, older Arr4�/�mice have fewer M-opsin cones than younger Arr4�/�

mice (***P < 0.001, inferior; ***P < 0.01, superior) and older WT mice (****P < 0.001, inferior; ***P < 0.01, superior). In the superior retina, the
number of M-cones is decreased in older WT mice compared with WT younger mice (*P < 0.05). (B) Total number of S-opsin IHC-stained cones in
the same area as (A). Superior regions of the retinas had far fewer S-cones than the inferior regions (note y-axis split). In the inferior retina, younger
mice have significantly more S-opsin cones than older mice for both WT (*P < 0.05) and Arr4�/� (**P < 0.01). The older Arr4�/� mice also have
significantly fewer S-opsin cones than older WT in both the inferior (**P < 0.01) and superior (**P < 0.01) regions of the retina. (C) Outer nuclear
layer thickness, in number of layers of nuclei, throughout the inferior and superior retina. There are no significant differences between groups.
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tor synapse. Arrestin 4 can participate in non-GPCR pathways,51

and ARR4 has also been shown to interact with a photoreceptor
ciliary transmembrane protein, Als2cr4 (TMEM237), which
when mutated causes a Joubert syndrome–related disorder.52,53

This idea is also supported by the ability of ARR4 to bind
nonopsin GPCRs, unlike the other visual arrestin, ARR1,54 so
ARR4 is likely to have further functions in cones that have not
yet been discovered.

Arr4�/� Younger Versus Arr4�/� Older Mice

In our experiments, the greatest phenotypic variations were
observed between Arr4�/� younger and Arr4�/� older groups.
Even though the difference is not statistically significant, in
photopic ERG recordings and IHC M-opsin intensity measure-
ments, the data values of younger Arr4�/� are greater than those
observed in the younger WT. For example, the a-wave for
younger Arr4�/� is consistently higher than that of WT, although
the difference does not reach statistical significance (Fig. 2B).
However, the older Arr4�/� amplitudes are slightly reduced but
not significantly different from the older WT. Because of this,
there is a significant difference between younger Arr4�/� and
older Arr4�/�, but not between younger WT and older WT. This
indicates that as these mice age, the Arr4�/� mice phenotypi-
cally appear more similar to their WT counterparts and may be
misinterpreted to have corrected the observed deregulated
signaling in younger mice. In fact, if photopic ERGs were only
measured in older mice, you would reasonably conclude the
ARR4 null mice were physiologically ‘‘normal.’’

In order to investigate this further, we evaluated the overall
superior/inferior distribution patterns and their intensity levels
of M- and S-opsin expression, in addition to measuring their
respective cone cell numbers. In the WT mice, the distribution
of M- and S-opsin cones in the inferior and superior retina was
consistent with published results.25 We observed that the older
Arr4�/� mice have lost M- and S-opsin cones across their entire
retinas. In rat models of cone dystrophy, cone number is directly
proportional to photopic ERG amplitude.55 Based on the
observed total cone number loss in the older Arr4�/� mice,
we would predict that the corresponding photopic ERG
amplitudes would be lower than older WT mice, but instead
we were surprised to observe that the older Arr4�/� ERG
amplitudes are not significantly different from WT. Despite
widespread cone loss, the magnitude of photopic ERG response
is similar. These data suggest that each cone photoreceptor is
sending an abnormally higher signal postsynaptically for both
young and older Arr4�/� mice, but the effect is masked by the
widespread cone dystrophy in the older animals.

Overall, this investigation leads us to conclude that ARR4 is
a key component of normal photopic visual signaling. Mice
without ARR4 display widespread cone dystrophy by 7 months
of age, indicating that ARR4 is essential for long-term cone
survival and high acuity vision over an animal’s lifetime. In
parallel studies, we are exploring alternative GPCR signaling
pathways in cones and potential postsynaptic communication
to ON and OFF bipolar and inner retina relays that should
reveal how ARR4 is involved in maintaining high acuity vision.
Even though no genetic defect has yet been identified for the
human ARR3 X-chromosomal linked cone arrestin, these
studies will contribute to a closer examination of patients
with deficits in visual acuity and contrast sensitivity or
abnormal photopic ERG or flicker responses and may help in
understanding the etiology of other cone dystrophies.
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