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Purposk. Previous studies discovered cone phototransduction shutoff occurs normally for
Arrl~— and Arr4—7—; however, it is defective when both visual arrestins are
simultaneously not expressed (Arrl—~"~Arr4—"~). We investigated the roles of visual
arrestins in an all-cone retina (N#I~/7) since each arrestin has differential effects on visual
function, including ARR1 for normal light adaptation, and ARR4 for normal contrast
sensitivity and visual acuity.

MEerHODS. We examined Nrl~~, Nrl~/~Arrl~"—, Nrl~/~Arr4=~"~, and Nrl~"~Arrl~"~Arr4~"~
mice with photopic electroretinography (ERG) to assess light adaptation and retinal
responses, immunoblot and immunohistochemical localization analysis to measure retinal
expression levels of M- and S-opsin, and optokinetic tracking (OKT) to measure the visual
acuity and contrast sensitivity.

Resurrs. Study results indicated that Nr/~/~ and Nrl 7~ Arr4 =~ mice light adapted normally,
while Nri~~Arr1="~ and Nrl~"~Arrl~"~Arr4 "~ mice did not. Photopic ERG a-wave, b-
wave, and flicker amplitudes followed a general pattern in which Nrl~/~Arr4 =~ amplitudes
were higher than the amplitudes of Nr/~”~, while the amplitudes of Nri~”~Arrl~/~ and
Nrl~~Arrl1~"~Arr4—/~ were lower. All three visual arrestin knockouts had faster implicit
times than NrI~/~ mice. M-opsin expression is lower when ARRI1 is not expressed, while S-
opsin expression is lower when ARR4 is not expressed. Although M-opsin expression is
mislocalized throughout the photoreceptor cells, S-opsin is confined to the outer segments
in all genotypes. Contrast sensitivity is decreased when ARR4 is not expressed, while visual
acuity was normal except in Nri~/~Arrl~"~Arr4d=~"~.

Concrusions. Based on the opposite visual phenotypes in an all-cone retina in the Nvl~"~Arrl1=~"~
and Nrl~/~Arr4~/~ mice, we conclude that ARR1 and ARR4 perform unique modulatory roles in
cone photoreceptors.

Keywords: visual arrestins, NRL knockout, cone opsins, cone function

Visual arrestins are responsible for shutting off the G-protein
coupled receptor (GPCR)-light-activated cascades of photo-
transduction in rods and cones. Arrestin 1 (ARR1, S-antigen, or
48 kD protein)'-3 is highly expressed in rods,*° pinealocytes,®
and mouse cones.” Arrestin 4 (ARR4, cone arrestin [CAR]) is
highly expressed in mammalian cones and pinealocytes.®

The primary mechanism of action of ARR1 in rods has been
the subject of intense study. After light activation, rhodopsin is
phosphorylated multiple times by G-protein coupled receptor
kinase 1 (GRK1)*'° and subsequently bound by ARR1.%!!-13
Binding of ARR1 to the GPCR effectively shuts off further
rhodopsin signaling by inhibiting further interaction with the o
subunit of its cognate G-protein, transducin.

The phenotype of Arr1~~ mice has demonstrated clearly
the necessity of this protein for rod phototransduction
shutoff'>14 and light adaptation,'> though single-cell cone
photoreceptor electrophysiological shutoff is normal in
these mice.” Furthermore, ARR1 is highly expressed in
mouse cones and it can substitute for ARR4 in the cone
phototransduction shutoff pathway,” although transgenic
mice with ARR4 expressed in rods lacking ARR1 display
deficits in the known functions of ARR1,'¢ including photo-
transduction shutoff,!? light adaptation,'> and synaptic
function.!”

The concentration of ARR4 in mouse cones is approxi-
mately 2% of the total arrestin concentration while the other
98% is arrestin 1, yet at the single-cell level, cone shutoff
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kinetics are approximately the same in Arr1 7~ and Arr4 7.7
This indicates that ARR4 has a much higher affinity for cone
opsins than ARR1, and has an important role in the
termination of the light-activated signal that originates with
the cone opsins. Mice lacking both ARR1 and ARR4 display a
lack of rod and cone phototransduction shutoff and are
unable to light-adapt normally.”->

The evolutionary conservation of ARR47-1819 suggests that
it has an important role in maintenance of cone structure and
function that is not redundant with that of ARR1, and recent
evidence clearly supports this idea.?° The zebrafish ortholog of
ARR4 in red/green cones was shown to be essential for normal
contrast sensitivity in zebrafish larvae.?! In addition, visual
defects in Arr4~~ mice compared to WT, including decreases
in contrast sensitivity, visual acuity, and a slow age-related cone
dystrophy, have been reported.?° These phenotypes are
distinct from those observed in Arr1~~ mice,”'?1%15 indicat-
ing that ARR4 performs a unique role in cones, the
mechanisms of which have yet to be discovered. Based on
these results, we hypothesized that ARR1 and ARR4 perform
differing roles aside from phototransduction shutoff in mouse
cones.

Because of the rod-dominance of mouse retinas with greater
than 97% rods, it is difficult to assess the role of ARR1 in cones
with commonly used strains of mice. In these mice, nearly all
of the ARR1 is located in rods, and removing ARR1, as in the
Arrl1™~ mouse, primarily affects the rod-driven phenotypes of
the mice. In addition, A»r/~~ mice must be dark-reared to
prevent light-dependent degeneration of the rods and,
eventually, cones.'¥ The dark-rearing of these mice may have
a deleterious effect on their retinal and visual development and
light-driven modulation of their circadian rhythms, impacting
the observed visual phenotypes.

To avoid these issues and to achieve a greater focus on
cone-specific function, we used an established mouse model
that lacks rods and has an “all-cone” retina, the neural retina
leucine zipper knockout (N7I77). The Nrl gene encodes a
transcription factor that is essential for rod development.?2-24
When normal mice are genetically engineered and the N7l
gene is knocked out, rod progenitor cells differentiate into
short-wavelength sensitive cones (S-cones).?> In humans,
genetic mutations in the NRL gene can result in autosomal
dominant retinitis pigmentosa (adRP).2%27 The Nri”~ mouse
model?> has been an invaluable tool for investigating cone
function in mice,?8-3! isolating cone-specific proteins,3? or
both.33-38% Taking advantage of the all-cone phenotype,
investigators have created other genetically engineered mice
strains by backcrossing mice with N#/7~ to investigate the
role of other specific cone expressed genes in cone
function,29-33,36-38

To compare and contrast the roles of the two visual
arrestins, ARR1 and ARR4, in an all-cone mouse retina, we
compared the following four genotypes of mice: Nrl7~,
Nrl7”=Arr1=™=, Nrl7/~Arr4~~, and Nrl7~Arr1~~Arr4~7~. Based
on previous work, we hypothesized that Nri”~Arrl”~ and
Nrl”~Arr4~~ would display normal cone phototransduction
shutoff but have unique visual phenotypes because ARR1 and
ARR4 perform different roles in the cone photoreceptors. In
addition, we hypothesized that the triple-knockout mice,
Nrl7~Arrl~~Arr47~, would have a third, more severe
phenotype than either of the double-knockout mice because,
lacking visual arrestins, its cone phototransduction shutoff is
defective.

To test our hypotheses, we used the methods of electroret-
inography (ERG) to reveal the electrophysiological signaling
properties of the all-cone mouse retinas without ARR1, ARR4,
or either expressed; we measured expression levels and
examined immunohistochemical localization of M- and S-opsin
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in each genotype, and we used optokinetic tracking (OKT) to
determine whether any defects observed result in behavioral or
functional consequences for vision in mice.

METHODS
Mice

We originally produced Arr4 7~ mice in our laboratory on a
mixed C57BI/GJ-129SV] strain (WT) background (details in
supplement”); Arrl”~ mice'? were generously provided by
Jeannie Chen (University of Southern California [USC]);
Arrl™~Arr4~~ mice’ were produced by backcrossing the two
strains together; Nr/~~ mice®> were generously provided by
Anand Swaroop (National Eye Institute [NEI], Bethesda, MD, USA)
and bred with each visual arrestin knockout strain to produce
Nrl7=Arrd”=, Nrl7/~Arrl1~~, and Nrl7 Arrl” Arr47~. The
genotypes of all breeding pairs and their offspring were verified
by PCR technology genotype analysis?> (details in supplement”).
All mice were reared in a 12-hour:12-hour light:dark cycle. Mice of
either sex, 1.5 to 2 months of age, 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 Association for Research in Vision and Ophthalmology
(ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research, and were approved by the appropriate animal
committees of USC and the Atlanta Veterans Administration
Medical Center.

Optokinetic Tracking (OKT)

Mice were placed on a small platform in the center of four
computer monitors that formed a virtual drum with a rotating
vertical sine wave grating (12°/s [d/s]; OptoMotry; Cerebral
Mechanics, Lethbridge, AB, Canada), as described previous-
1y.29:3% Reflexive head movements in the same direction as the
rotating gratings were considered positive responses. Spatial
frequency thresholds were determined with an increasing
staircase paradigm starting at 0.042 cycles/deg (c/d) with 100%
contrast. Contrast sensitivity thresholds were measured across
five spatial frequencies (0.031, 0.064, 0.092, 0.103, and 0.192
C /d).40

Electroretinography (ERG)

Photopic ERGs were performed as described previously.!>20
Each mouse was anesthetized and flash stimuli of 10 ps
duration (from 0.2-20 Hz) was delivered to the eye of the
mouse from which recordings were taken. For photopic cone
readings, continuous white background light of 8 foot candles
(fc; 200 cd-s/m?) was delivered to the recorded eye for 1
minute before the first flash was administered and light
adaptation recordings began. Additional flash recordings
were taken for 2 up to 15 minutes of light adaptation.
Responses were taken every 2 minutes up to 15 minutes of
light adaptation recorded from a flash, and the a-wave and b-
wave amplitudes from the first flash were averaged and
presented in Figure 1. The mice were fully light-adapted by 15
minutes, so the ERG amplitudes from the 15-minute time
point are presented in Figure 1 (See representative traces in
Supplementary Fig. S1). These amplitudes reflect the average
of the recorded ERG amplitudes from 20 flashes at each
frequency.

After the flash recordings had been taken, flicker responses
were recorded. Averages from 10 to 20 sweeps were recorded
and averaged for each data point. To determine the optimal
flash intensity, 10 Hz flicker responses were recorded using
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FiGure 1.

Light adaptation studies. (A) Representative waveforms of the photopic ERG response of each genotype at 1 minute after light exposure

and after 15 minutes of light exposure. (B) Photopic ERG a-wave amplitudes beginning at 1 minute after light exposure and continuing through 15
minutes. (C) Light adaptation was measured by comparing the a-wave amplitudes after 1 and 15 minutes of light exposure by a Student’s t-test.
Nrl”= and Nrl7~Arr4~7~ mice displayed a significant increase in a-wave amplitudes (P = 0.0029 and **P < 0.001, respectively), while
Nrli=Arr1=~ and Nrl/~Arr1~~Arr4~~ did not increase between 1 and 15 minutes (P = 0.5634 and P = 0.64006, respectively). (D) Photopic ERG b-
wave amplitudes from 1 to 15 minutes of light exposure. (E) Light adaptation was measured as in (C). Nrl”~ and Nrl”/~Arr4~~ mice displayed a
significant increase in b-wave amplitudes (*“P = 0.0032 and **P = 0.0011, respectively), while Nri7~Arr1~~ b-wave amplitudes decreased (**P =
0.0067) and Nrl7~Arr1™”~Arr4~~ did not change over time (P = 0.6069). ns, not significant.

flash intensities from —1.59 to 2.01 log cd-s/m?. Further studies
comparing ERG amplitudes across multiple flash frequencies,
from 0.2 to 20 Hz, used a flash intensity of 2.01 log cd-s/m?.

Immunoblot Analysis

Immunoblot analysis was performed as described previous-
1y.15:2033 Briefly, after dissection, each mouse retina was flash
frozen and homogenized in 50 mM Tris buffer with cOmplete
Protease Inhibitor Cocktail (Hoffman-La Roche, Basel, Switzer-
land). A total of 60 ng of protein per retina was resolved on
replicate 10% SDS-PAGE (each lane containing a portion of total
retinal homogenate from a different mouse), transferred to
nitrocellulose membranes (Li-Cor, Lincoln, NE, USA), and
incubated sequentially with antibodies for either S-opsin
(1:5000) or M-opsin (1:5000),33 followed by loading control,

B-actin (1:4000). Appropriate secondary antibodies conjugated
to a fluorophore (600 or 800 nm) allowed detection using the
Li-Cor Odyssey infrared detection system. Li-Cor Odyssey v. 3.1
was used to quantify the intensity of each band. 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 Nri”~ samples was set as 100%.”

Immunohistochemistry (IHC)

Immunohistochemistry was performed as described previous-
ly.2941 Retinal sections were obtained from mouse eyes fixed in
4% paraformaldehyde in PBS for 1 hour on ice. Lenses were
removed before the eyes were embedded in optimal cutting
temperature (OCT) medium (Sakura Finetechnical, Torrence,
CA, USA) and snap frozen in liquid nitrogen. Frozen retinal
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Figure 2. Photopic ERG results. (A) A-wave amplitudes of the Nri7~,

Nrl7=Arrl1=7=, Nrl7/=Arr4~~, and Nrl7~ArrlI7~Arr4~~ genotypes.
These are the same data displayed as the 15-minute amplitudes in
Figures 1B and 1C. *Significant differences compared to NrI~~ mice, as
determined by 1-way ANOVA with post hoc multiple comparisons. The
photopic ERG a-wave amplitude of Nrl7~Arr1~~ was 53% less than
NriE7= (**P < 0.001), Nri7/=Arr4~= was 91% greater than Nri7~ (**P
< 0.001), and the a-wave amplitude of Nri7~ArrI7"~Arrd~~ was 75%
less than that of Nrl~~ (**P < 0.001). (B) B-wave amplitudes of all four
mouse genotypes (same as 15-minute time point in Figures 1D and 1E).
The b-wave amplitude of Nrl7~Arr1~~ mice was decreased by 28%
compared to Nrl 7~ (**P < 0.01) and the Nrl 7~ Arr1~~Arr4 mice had
b-wave amplitudes that were 75% less than Nri7~ (**P < 0.001). (C)
Photopic ERG a-wave implicit times for all four genotypes. Nri 7~ mice
had slower implicit times compared to Nrl7~Arr1~= ("**P < 0.001),
Nri7=Arr4~~ (*P < 0.01), and Nri7/~Arr17=Arr47~ (**P < 0.001).
Differences were determined using 1-way ANOVA with post hoc
multiple comparisons.

sections were cut in a cryostat at 10 um thickness along the
vertical median through the optic nerve and were placed on
SuperFrost Plus (VWR International, Radnor, PA, USA) glass
slides. Sections were rehydrated in PBS and blocked with
blocking buffer (10% ChemiBlocker; Millipore, Billerica, MA,
USA) in PBS) for 30 minutes at room temperature, then
incubated at 4°C overnight with affinity purified rabbit
polyclonal antibodies for either mouse S-opsin or mouse M-
opsin (dilution 1:1000).3> Slides were incubated with appro-
priate Alexa-Fluor 488-conjugated secondary antibodies (1:500;
Invitrogen, Carlsbad, CA, USA) for 1 hour at room temperature.
The slides were mounted using hard-set mounting medium
with 4’,6-diamidino-2-phenylendole DAPI (Vectashield; Vector
Laboratories, Burlingame, CA, USA) and covered with a glass
coverslip.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism 6
(La Jolla, CA, USA). For comparison of the four genotypes, 1-
way ANOVA analysis was performed with post hoc Dunnet’s
multiple comparisons test to determine if each genotype was
different from Nrl~~. For comparison of four genotypes across
multiple times, flash frequencies, or flash intensities, 2-way
ANOVA analysis was performed with two factors: genotype and
either time, frequency, or intensity. To compare the means
across all values of the second factor (e.g., all flash intensities
from —1.59 to 2.01 log cd-s/m?), Bonferroni’s multiple
comparisons test was performed to determine whether the
mean of each genotype was different from Nrl”~. To compare
the means at specific values of the second factor (e.g., at each
flash intensity separately), Dunnett’s multiple comparisons test
was performed.

All charts display the data as mean * SEM. For analysis of
light adaptation, paired #-tests were performed to determine
whether the ERG amplitudes were significantly different
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between 1 and 15 minutes of light exposure within each
genotype.!>

RESULTS

ARR1 is Essential for Normal Light Adaptation

We previously reported that Arr1~~ and Arri~~Arr4~~ mice
have defects with light adaptation, while Arr4 7~ light adapt
normally.'> To determine if ARR1 also is necessary for light
adaptation in an all-cone retina, light adaptation was measured
using visual arrestin knockouts on an Ny~ background (Fig.
1. Nrl”~ mice light adapted normally, indicated by an increase
in the ERG a-wave and b-wave amplitude between 1 minute of
light adaptation and the amplitude after 15 minutes of light
adaptation (Student’s paired #-test, a-wave, P = 0.0029; b-wave,
P = 0.0032). Nri/~Arr4~~ mice also displayed normal light
adaptation (a-wave, P < 0.001; b-wave, P = 0.0011), but
Nrl7=ArrI7~ (a-wave, P = 0.53; b-wave, decreased, P =
0.0067) and Nrl7~Arrl1~~Arr4~~ (a-wave, P = 0.64; b-wave, P
= 0.6069) do not light adapt. This indicated that expression of
ARR1 is necessary and sufficient for normal light-adaptation,
while ARR4 is not required.

ERG Amplitudes Are Increased in Nrl”/~Arr4/~ and
Decreased in Nrl /"~ Arr1”/~ and Nrl/ Arrl/ Arr4”/~
Mice

To test the hypothesis that the cone-driven phenotypes of the
Nrli™=, Nrl7~Arr4~~, and Nri7~Arr1~~ mice would be
different from one another, and that the Nrl7~Arrl1~ " Arr4d~~
mice would display the most severe phenotype, the ERG
amplitudes of light-adapted mice were compared. Electroret-
inographic recordings were done after 15 minutes of light
adaptation (Figs. 2A, 2B). A 1-way ANOVA of the a-wave
amplitudes, reflective of photoreceptor response, determined
that there were significant differences between groups
(F[3,511 = 7.239; P < 0.001). Post hoc multiple comparisons
revealed that the Nrl7~Arr4”~ a-wave amplitudes were, on
average, 91% greater than the Nrl7~ a-wave amplitudes (P <
0.001), while the other two groups, Nri7 Arrl~~ and
Nrl7~Arrl”"Arr4 -, were significantly lower than Nrl 7~
53% lower, P < 0.001 and 75% lower, P < 0.001, respectively;
(Fig. 2A). It is noteworthy that the Nri” Arr4~~ and
Nrl”~ArrI~~ mice have distinct phenotypes from Nri”~ and
from one another, indicating separate functions for the two
visual arrestins within the cones.

A 1-way ANOVA of the paired-flash b-wave amplitudes,
reflective of ON bipolar cell function,2-44 also revealed
significant differences between groups (F[3,51] = 43.74; P <
0.001). Nrl7~Arr4~~ was slightly higher than Nri7~ (18%
increase), but this difference did not reach statistical signifi-
cance. Nrl”~Arr1™~ and Nrl”~Arr1~~Arr4~~ had decreased
amplitudes compared to N#/~ mice (28% reduction, P < 0.01
and 75% reduction, P < 0.001, respectively; Fig. 2B).

ERG Implicit Time is Decreased in All Visual
Arrestin Knockout Genotypes

Another important feature of ERG recordings is the implicit time
of the a-wave, which reflects the speed of the phototransduc-
tion cascade; smaller values (measured in ms) indicated a faster
photoreceptor response to the light stimulus. We compared the
a-wave implicit times between the four genotypes to determine
if the absence of the visual arrestins would affect the timing of
the photoreceptor response. This was indeed the case; after 15
minutes of light adaptation, the N#/”~ mice had a-wave implicit
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Ficure 3. Photopic flicker ERG response results. (A) Representative flicker waveforms at 10 Hz in response to 2.01 log cd-s/m? stimuli for each of
the four genotypes. (B) Flicker amplitudes at 10 Hz across multiple intensities, ranging from —1.59 to 2.01 log cd-s/m?. *Significant difference
compared to Nrl7/~ mice, as determined by 2-way ANOVA with post hoc multiple comparisons. Nri 7~ Arr4 7~ was significantly increased compared
to Nrl= (**P < 0.01) and Nri7~Arr1=/~Arr4~~ was significantly decreased compared to NrI7~ (**P < 0.001). (C) Flicker amplitudes with a flash
intensity of 2.01 log cd-s/m2 across multiple frequencies, ranging from 0.2 to 20 Hz. All three arrestin knockout genotypes were significantly
different from Nri~~ mice, with Nrl~~Arr4~~ mice having larger amplitudes compared to Nri7~ (**P < 0.001) and Nrl7~Arr1~~ mice and
Nrl”~ArrI7/~Arr4~~ mice having smaller amplitudes than N7~ mice (***P < 0.001 for both).

times that were greater than all other groups (Fig. 2C; 1-way
ANOVA, F[3,51] = 20.49; P < 0.001). Post hoc multiple
comparisons revealed that Nri”~Arr1~7~ (17% decrease, P <
0.001), Nri7Arr47~ (10% decrease, P < 0.01), and
Nrl7~Arrl™7"Arr4”~ (32% decrease, P < 0.001) all had faster
a-wave implicit times than Nrl 7",

ERG Flicker Amplitudes Reveal Distinct
Phenotypes of Nrl/~Arr4”/~ and
Nrl/~Avrl ™/ Arrd /-

To further probe cone electrophysiological pathways, mice
were stimulated with flashes at 10 Hz across multiple
intensities, ranging from —1.59 to 2.01 log cd-s/m? (Figs. 3A,
3B). The lower light intensities are similar to those used in
human studies, while the brightest intensity has been used in
previous studies of ARR1 and ARR4 function in wild-type
mice.'>2° The flash stimulus did not have the same effect for
all genotypes (2-way ANOVA, F[21,161] = 21.49; P < 0.001).
The amplitudes of Nri7~Arr4~~ mice were significantly
increased across flash stimuli (50%, P < 0.01) compared to
Nrl~. In contrast, Nrl /~Arr1~~Arr4 7~ mice had significantly
lower (70% decrease, P < 0.001) amplitudes than Nr~~. The
response from Nrl”/~Arrl~~ mice was not significantly
different from NrI~~ mice. These results were consistent with
our flash recordings that showed that Nrl7~Arr1~~ and
Nrl7~Arr4~7~ mice had different phenotypes and that
Nrl7~Arr17~Arr4~7~ had the most severe phenotype. Al
though the difference is most obvious at the brightest light
intensity, the pattern is consistent across all intensities
measured.

Further ERG flicker response experiments were done to
determine if this pattern was consistent across a range of flash
frequencies. Using the brightest flash stimulus, 2.01 log cd-s/
m?, flicker response studies were performed at multiple flash
frequencies, from 0.2 to 20 Hz (Fig. 3C). The genotypes had
different responses to flash frequencies (2-way ANOVA,
F[24,200] = 57.73; P < 0.001). NI/~ mice were significantly
different than all three other genotypes: Nri 7 Arrl”~ (38%
average reduction; P < 0.001), Nrl7/~Arr4~~ (34% average
increase; P < 0.001), and Nrl7~Arrl™"Arr4~~ (72% average
reduction; P < 0.001). These differences are consistent with
the more subtle, but nonsignificant, changes in the paired-flash
b-wave amplitudes seen in Figure 2B. Figure 3C demonstrates
that those differences were particularly large at frequencies
below 10 Hz, and that Nrl7~Arrl~”~ and Nri7Arrd~~
amplitudes were respectively smaller and larger than the

Nrl”~ mice. This is consistent with our hypothesis that ARR1
and ARR4 do, indeed, perform independent functions in cones,
because the phenotypes of their respective knockouts are
opposite one another. In addition, when visual arrestins are not
expressed in the cones, there was an even greater deficit,
resulting in the large decrease in b-wave paired flash
amplitudes (Fig. 2B) and multiflash amplitudes across many
light intensities and flash frequencies (Figs. 3B, 30).

M- and S-Opsin Expression Levels Are Altered in
the Visual Arrestin Knockouts

The enhanced photopic ERG a-wave amplitudes observed in the
Nrl”~Arr4”~ mice are the result of an unknown mechanism.
Previous work showed that M-opsin expression was greater in
the inferior retina in Arr4~~ compared to WT mice,? and we
hypothesized that this increase in M-opsin expression contrib-
uted to the enhanced photopic ERG b-wave amplitudes
observed in Arr47~ mice. To determine whether cone opsin
expression correlates with the observed photopic ERG ampli-
tudes in the all-cone retina, immunoblot analysis was performed
on total retinal homogenates to quantitatively determine the
relative total amounts of M- and S-opsin in each mouse genotype
(Fig. 4). There were significant differences between genotypes
(1-way ANOVA, F[3,8] = 69.05; P < 0.001). Surprisingly, there
was no difference in M-opsin protein immunoreactivity between
Nri”~ and Nrl7~Arr4~~ mice. Nri 7~Arr1~~ (58% decrease, P
< 0.001) and NrI7~Arr1™~Arr4”~ (54% decrease, P < 0.001)
had a significant decrease in M-opsin compared to Nrl7~ (Figs.
4A, 4B). These decreases correlate with the lower photopic ERG
amplitudes for genotypes.

Differences between genotypes in S-opsin expression level
also were observed (1-way ANOVA, F[3,8] =41.14, P < 0.001)
(Figs. 4C, 4D). Compared to Nrl”~, Nrl”~Arr1~~ retinas had
an increase in S-opsin immunoreactive protein (21% increase,
P < 0.05). Nri7/=Arr4~~ and Nrl7~Arrl1~~Arr4~~ mouse
retinas had less S-opsin expression than Nrl 7~ (51% decrease,
P < 0.001 and 31% decrease, P < 0.01, respectively).

M-Opsin Expression Is Not Confined to Cone Outer
Segments for All Four Genotypes

A previous study showed that M-opsin is not confined to the
cone photoreceptor outer segments in N¥/ 7~ mice but was
instead present throughout the cone cell bodies, while S-opsin
is only in the cone outer segments in N/~ mice.?> It also has
been demonstrated that the cone outer segments are
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FIGURE 4.

Immunoblot analysis of M- and S-opsins using total retinal homogenates. (A) Image of the immunoblot using anti-M-opsin primary

antibody and anti-B-actin primary antibody as a loading control. Each lane contains an aliquot from total retinal homogenate from a different mouse
(3 mice per genotype). (B) Quantitative analysis of the relative amount of M-opsin in the blot pictured in (A). The ratio of the intensity of the M-
opsin band compared to the intensity of the corresponding B-actin band was calculated for each lane, and the mean and SEM was calculated for each
genotype. The mean of the NrI~~ lanes was set as 100%. Nrl7~Arr1~~ (**P < 0.001) and Nrl~Arr17/~Arr4~~ (**P < 0.001) had significantly less
immunoreactive M-opsin than Nr/”~ mice. There was no difference between Nrl~~ and Nrl7~Arr4~~ mice. (C) Image of the immunoblot using
anti-S-opsin primary antibody and anti-B-actin primary antibody as a loading control. (D) Relative S-opsin was calculated as for M-opsin above.
Nrl”~ArrI~~ mice expressed more immunoreactive S-opsin than Nv/7~ (*P < 0.05), while Nrl7~Arr4~~ (**P < 0.001) and Nrl7=Arr1~Arr47~

mice (P < 0.01) expressed less S-opsin.

decreased in length in N/~ mice compared to WT.2>% To
determine if the visual arrestins impact the subcellular
localization of the cone opsins, IHC analysis was performed
using frozen vertical retina sections from each genotype.
Primary specific antibodies that were developed against unique
amino terminal peptides in mouse M-opsin and S-opsin,3?
followed by fluorescent secondary antibodies, were used to
determine the location of M- and S-opsin expression in the
photoreceptors. M-opsin was not confined to the outer
segments of the cones for all genotypes, and a significant
amount of M-opsin was observed in the cell bodies, axons, and
axon terminals of the M-opsin expressing cones (Fig. 5).
Interestingly, S-opsin was confined completely to the cone
outer segments for all genotypes (Fig. 5). M- and S-opsin
immunological reactive staining of the cone outer segments
confirmed that the absence of the visual arrestins did not
increase the length of the outer segments in the N7/~ mice.

Contrast Sensitivity and Visual Acuity Are
Impacted by the Lack of Visual Arrestins

Previous results revealed that the Arr4~~ mouse displayed
significantly decreased contrast sensitivity and visual acuity
thresholds compared to WT.2° Based on these findings, we
expected to observe similar, if not enhanced, OKT behavioral
phenotypes in the all-cone Nri”~ and Nrl7Arr4~~ mice.
Surprisingly, there was no significant decrease in visual acuity
in Nrl7~Arr4~~ or Nrl”/~Arr1~~ compared to Nrl7~, but
there was a 30% decrease in visual acuity threshold for
Nrl”~ArrI~7~Arr4~~ mice (Fig. 6A; 1-way ANOVA, F[3,17] =
37.16; P < 0.00D).

Furthermore, loss of visual arrestins significantly altered
the contrast sensitivity curves (2-way ANOVA, F[12,68] =
12.87; P < 0.001). At the peak spatial frequency of 0.092 c¢/d,
Nrl7=Arr4d”~ and Nrl7~Arrl1~~Arr4~~ had significantly

lower contrast sensitivity (16% decrease, P < 0.001 and 25%
decrease, P < 0.001, respectively) compared to Nrl”~ mice.
Nrl7~Arr1~~ mice displayed an opposite response with
higher contrast sensitivity (16% increase, P < 0.01) than
Nrl”~ mice. These results indicated that ARR4 is more critical
for maintaining normal contrast sensitivity than ARRI.

DISCUSSION

In this study, we tested the hypotheses that Nri”~Arr1~~ and
Nrl”~Arr4~~ mice would display distinct visual phenotypes
compared to Nrl”~ mice and compared to each other. We
proposed that these differences are due to the unique and
nonoverlapping functions of the two visual arrestins within the
photoreceptors, aside from their shared ability to shut off cone
phototransduction by binding the light-activated, GRK1
phosphorylated cone opsins.334%47 We further hypothesized
that the Nrl”"Arri” Arr4~~ mice would have the most
severe visual phenotypes, because when mice lack both visual
arrestins, they display defective cone phototransduction
shutoff.”

Phototransduction Shutoff Versus Other Functions
in the Cones

Consistent with our hypothesis, in all ERG experiments the
Nrl7~Arr17~Arr4”~ mice displayed the most severe visual
phenotype. They displayed significantly decreased photopic
ERG a-wave, b-wave, and flicker amplitude responses compared
to Nri”~ mice. In addition, they do not light adapt, and have the
fastest implicit time of all of the genotypes. In our optokinetic
tracking studies, Nri”~Arr1~ Arr4 7~ was the only genotype
with a decrease in visual acuity compared to Nri 7~ mice, and
Nrl7~ArrI™7~Arr4~~ mice have the lowest contrast sensitivity
of all genotypes. The ERG phenotypes are consistent with the
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Nrt"Arrd” Nrt"-Arr17Arrd”

Immunohistochemical analysis of M- and S-opsin in visual arrestin knock-out mice on an all cone Nrl~~ background. Top row: Sections

were labeled with a primary antibody raised against M-opsin followed by a fluorescent secondary antibody (green). All genotypes displayed a
mislocalization of M-opsin in the cone cell bodies, axons, and axon terminals. Bottom row: Sections were labeled with a primary antibody raised
against S-opsin followed by a fluorescent secondary antibody (green). S-opsin was confined to the cone outer segments for all genotypes. The
images on the right display DAPI stain for retina location reference. ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bar: 20 pm.

phenotypes observed for WT and Arrl 7 Arr4”~ mice,'>2°
indicating that the all-cone retina of the N7Z~~ mouse did not
have a significant impact on the overall phenotypes of mice with
or without visual arrestins. We propose that these phenotypes
are due to the defect in cone phototransduction shutoff that
results from the absence of ARR1 and ARR4. In these mice, the
opsins are not bound by arrestins and the phototransduction
cascade is not properly turned off.

The differences between Nrl”~, Nri7/ Arrl~~, and
Nrl7~Arr4~~ mice likely have less to do with phototransduc-
tion shutoff, because based on single-cell recordings, photo-
transduction shutoff occurs normally as long as one visual
arrestin is present.” We hypothesized that the phenotypes of
the Nri7~Arr1~”~ and Nrl7~Arr4~”~ mice would differ from
one another and reflect the other, nonopsin-shutoff functions
that the visual arrestins perform in cone photoreceptors.
Surprisingly, Nri7~Arr1~~ and Nrl”~Arr4~“~ mice displayed
opposite phenotypes in nearly all of our experimental results,
including light adaptation, ERG amplitudes, and S- and M-opsin
expression levels compared to Nrl~~.

Alternative, nonopsin shutoff-related functions of ARR1
and ARR4 have not been well characterized, although ARR1

has been shown to interact with and modulate other proteins
in mammalian rods, including itself (homo-dimers and
tetramers),48-50 microtubules,>'->3 Ca2™-bound calmodu-
lin,>* N-ethylmaliemide sensitive factor (NSF),'” MAP kinases
JNK3%> and ERK2,°3°%57 E3 ubiquitin ligase Mdm2,>3->5
enolase,>® Parkin,>® and Bardet-Biedl syndrome 5 (BBS5).°°
The homo-oligomerization of ARR1 is thought to be a storage
form that decreases the concentration of monomeric ARR1
(reviewed previously®"), which is the only form that can bind
light activated, phosphorylated rhodopsin.®? In addition,
ARR1 binds microtubules and potentially keeps ARRI1
confined to rod cell bodies and inner segments in the dark-
adapted state,>°->2 and ARR1 modulates synaptic transmission
and exocytosis through its interaction with NSE'7 In many of
the studies, the physiological consequences of ARR1 binding
and interacting with the other proteins listed above are
unclear. A much smaller list of binding partners of ARR4 have
been discovered, including JNK3 and MDM2,>> RND2,%3
ALS2CR4/TMEM 237,%% and DRD4.°> We predict that more
interacting partners of ARR4 will be uncovered with further
study.
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Ficure 6. Visual function testing of visual arrestin mutants using optokinetic tracking (OKT). (A) Spatial frequency thresholds, indicating visual
acuity of the mice. Only Nrl7~Arr1~~Arr4~~ mice had a decreased spatial frequency threshold compared to N7~ (**P < 0.001). (B) Contrast
sensitivity of each mouse genotype, measured at frequencies from 0.031 to 0.192 c/d. At the peak of the contrast sensitivity (0.092 c/d),
Nrl”~ArrI”~ mice had a higher contrast sensitivity measurement than Nrl7~ mice (**P < 0.01), while Nri7/~Arr47~ (**P < 0.001) and
Nrl7=Arr1~~Arr4~~ mice (**P < 0.001) had significantly decreased contrast sensitivity compared to N/~ mice.

In contrast to the visual arrestins, the [-arrestins are
known to have many alternative, non-GPCR shutoff functions
and has been the subject of extensive study (reviewed
previously®®-%8). A recent in vitro study has demonstrated
that the visual arrestins participate synergistically in the
desensitization and internalization of a non-opsin GPCR,
dopamine receptor D4 (DRD4).°% This interaction may have a
role in the circadian regulation of the expression of DRD4,
which is involved in the regulation of cAMP and gap
junctional coupling between photoreceptors. Based on the
sequence and structural similarity of the visual and f-
arrestins, as well as the high concentration of the visual
arrestins in the photoreceptors, it is reasonable to expect that
the visual arrestins also may be involved in some of these
alternative functions in rod and cone photoreceptors,
including roles in vesicular trafficking, nuclear transport,
ubiquitination, and gene regulation.

Visual Arrestins and the Expression of M- and S-
Opsin

We hypothesize that the photopic ERG and cone opsin
expression phenotypes observed in the Nrl7~Arrl~~ and
Nrl”~Arr4~~ mice are due to these alternative functions of the
visual arrestins, but it will require further study to determine
the exact molecular mechanisms causing the phenotypes.
Previous work observed an increase in M-opsin expression in
Arr4~~ mice that may contribute to the enhanced photopic
ERG phenotype.?° This is consistent with previous research,
which showed that scotopic ERG amplitudes correspond with
rhodopsin expression®-7° and single-cell responses from cones
correspond with the relative amounts of cone opsin expres-
sion.” 1,72

In this study, no increased M-opsin immunoreactivity
increase was noted in 2-month-old retinas with our immuno-
blot experiments (Fig. 4), and these data are consistent with
our previous results in WT and Arr4~7~ mice.?° However,
Arr4”~ mice displayed an increase in M-opsin expression in
the inferior region of the retina using measurements of the
immunofluorescent intensity, which was undetectable in the
immunoblot analysis because it is a measure of the total
retinal protein. Because a greater amount of M-opsin is
observed in the superior region of the retina, this may have
overshadowed the relative differences in the immunoblot
analysis.

In the current study, we observed a slight increase in the M-
opsin immunofluorescence intensity in the Nri”~Arr4~~ mice
compared to the other groups and a notable variability in M-
opsin expression that may be related to age. We were unable to
quantitatively measure this result because of the whorls and
rosettes present in the N#I~~ and Nrl 7~ Arr4 " retinas, which
made the retinal immunological staining inconsistent and
difficult to measure. However, it is likely that the increase in M-
opsin expression in the inferior region of Arr4~~ mouse
retinas compared to WT also would occur in Nrli7~Arrd~~
mice compared to Nrl7~, and that this contributes to the
observed significant increase in ERG amplitudes. In addition,
the Nrl7~Arr1~~ and Nrl7/Arrl1~ Arr47~ mice have a
decrease in M-opsin immunoreactivity in the immunoblot
experiments, and this is consistent with the decreased ERG
amplitudes in these animals.

Interestingly, S-opsin is expressed at different levels across
the four genotypes as well. Nri”~Arr1 ™~ mice have a slightly
higher S-opsin expression level compared to Nrl7~, while S-
opsin is decreased significantly in the Nl Arr4”~ and
Nrl7~Arrl17 Arr4”~ mice. Because Nrl7~ mice express
approximately 25- to 30-fold more S-opsin than WT while M-
opsin expression is unchanged (data not shown), it might be
expected that the amount of S-opsin expression would
contribute more to the photopic ERG amplitudes than the M-
opsin expression, which is approximately the same between
WT and Nrl7~ mice.?> However, the photopic ERG stimulus
range used in these experiments was from a Xenon flash bulb
with peak intensities measured at 485, 530, and 543 nm (data
not shown). These wavelengths are better able to stimulate M-
opsin, which has a peak absorbance at 508 nm, than S-opsin,
which has a peak absorbance around 360 nm.”® Therefore, the
stimulation of the M-cones is likely to have a much greater
impact on the photopic ERG amplitudes than that of the S-
cones, even though there are a greater number of S-cones in
the Nrl”~ retina.

Based on the differential expression of S-opsin and M-opsin
across the genotypes lacking each visual arrestin, ARR1 and
ARR4 may be involved in the developmental regulation,
synthesis, turnover, or degradation of one or both cone opsins.
Future studies will investigate the potential transcriptional
regulation of these genes to experimentally determine if ARR1
and/or ARR4 interact with any transcription factors known to
regulate M-opsin or S-opsin expression levels,”*7> including
NRL.2>4° It also is feasible that ARR1 may have a chaperone
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function, allowing it to prevent or slow the turnover and/or
degradation of M-opsin and ARR4 mirrors this function for S-
opsin, and without the visual arrestins the respective opsins
are degraded at an increased rate.

In conclusion, the current study focused on the visual
phenotypes without either or both visual arrestin genes being
expressed in an all-cone retina and revealed that ARR1 and
ARR4 perform shared and unique modulatory roles in cone
photoreceptors that result in distinct visual phenotypes.
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