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Abstract

The daylight and color vision of diurnal vertebrates depends on cone photoreceptors. The
capability of cones to operate and respond to changes in light brightness even under high
illumination is attributed to their fast rate of recovery to the ground photosensitive state.

This process requires the rapid replenishing of photoisomerized visual chromophore (11-c/s-
retinal) to regenerate cone visual pigments. Recently, several gene candidates have been

proposed to contribute to the cone-specific retinoid metabolism, including acyl-CoA wax alcohol
acyltransferase 2 (AWAT2, aka MFAT). Here, we evaluated the role of AWAT2 in the regeneration
of visual chromophore by the phenotypic characterization of Awat2~~ mice. The global absence
of AWAT2 enzymatic activity did not affect gross retinal morphology or the rate of visual
chromophore regeneration by the canonical RPE65-dependent visual cycle. Analysis of Awat2
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expression indicated the presence of the enzyme throughout the murine retina, including the retinal
pigment epithelium (RPE) and Miller cells. Electrophysiological recordings revealed reduced
maximal rod and cone dark-adapted responses in AWAT2-deficient mice compared to control
mice. While rod dark adaptation was not affected by the lack of AWAT2, M-cone dark adaptation
both in isolated retina and /n vivo was significantly suppressed. Altogether, these results indicate
that while AWAT? is not required for the normal operation of the canonical visual cycle, it is a
functional component of the cone-specific visual chromophore regenerative pathway.
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INTRODUCTION

The sensory perception of visual images in vertebrates depends on two types of specialized
neurons, rods and cones (1-3). Rods are highly sensitive to light, supporting monochromatic
vision under dim-light conditions. However, their signals become saturated at a relatively
low threshold, limiting rod contribution to vision at daytime, photopic, light intensities. In
contrast, cones are typically 100 times less sensitive to light and enable the perception of
colors (4-6). They possess a very high saturation threshold that allows them to function
under bright light conditions. On the molecular level, the detection of light is initiated
when photons that reach the retina are absorbed by an 11-cis-retinal (11cRAL) molecule
(visual chromophore) coupled covalently to G protein-coupled receptor scaffolds called
opsins (7, 8). The light-induced isomerization of the 11-c/s-retinylidene moiety to its all-
trans configuration causes the activation of the receptors that triggers phototransduction
signaling. To sustain the photosensitivity of photoreceptors, it is necessary to replenish

the photoisomerized 11cRAL molecules. This is mainly achieved by the light-independent
enzymatic pathway known as the canonical visual cycle that occurs in the photoreceptors
and the retinal pigment epithelium (RPE) (9). It utilizes the catalytic activities of two non-
redundant enzymes lecithin:retinol acyltransferase (LRAT) and retinal pigment epithelium-
specific 65 kDa protein (RPE65) (10-13). The canonical visual cycle serves as a major
source of visual chromophore for rods and also contributes to the regeneration of cone
visual pigments (14-16). However, because of the discrepancies between the rates of
RPE65-depenent production of 11cRAL and the several times faster dark adaptation of
cones under strong light illumination, it has been proposed that cones utilize an alternative
source of readily accessible visual chromophore (17, 18).

The early evidence supporting the existence of a cone-specific visual cycle comes from
studies on Muller glia-expressed cellular retinaldehyde-binding protein (CRALBP) (19).
The electrophysiological evaluation of CRALBP-deficient mice provided early indication
for the important role of this protein in cone dark adaptation (19, 20). The independent
functional screening of genetic DNA libraries from Muller cells led to the identification

of two enzymes: sphingolipid delta4 desaturase 1 (DES1) and acyl-CoA wax alcohol
acyltransferase 2 (AWAT2, aka multifunctional O-acyltransferase or MFAT) as potential
retinoid-processing proteins involved in an intraretinal metabolic pathway yielding 11cRAL
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(21, 22). Both enzymes exhibit substrate promiscuity and are known to be involved in
metabolic pathways leading to the biosynthesis of ceramides and long chain alcohol esters
respectively (23, 24). Recent /n vitro experiments suggested that DES1 could catalyze the
equilibrium isomerization of all-frans-retinol (21). The enzymatic activity of DES1, coupled
with the esterification of cis-retinols catalyzed by AWAT2 resulted in an accumulation

of 11-cis-retinyl esters, a storage form of ¢/s retinoids and precursor of 11cRAL readily
detectable in cone-dominant retinas (Fig. 1A) (22). However, despite these observations,
recently provided genetic evidence does not support the stipulated function of DESL1 in the
regeneration of visual chromophore. The selective elimination of DES1 from the Muller
cells did not affect the rate of cone dark adaptation in mice (25). Similarly, the deactivation
of the orthologous gene degs1 in zebrafish also did not alter cone function (26).

The role of AWAT?2 in ocular retinoid metabolism remains unknown and the fact that DES1
expression in Muller glia is not required for the regeneration of cone visual pigment,

does not necessarily implicate functional insignificance of AWAT?2 for ocular retinoid
metabolism. The enzymatic assays performed /i vitro indicate its ability to facilitate the
robust acyl-CoA-dependent esterification of numerous lipid substrates, including long chain
alcohols, mono- and diacylglycerols, as well as retinol, with a high substrate specificity
towards cis-isomers (27—29). The recent characterization of Awat2”~ mice confirmed the
non-redundant role of this enzyme in the biosynthesis of wax esters, the main component of
the meibum (30). Consequently, the absence of AWAT2 activity resulted in a suboptimal
lipid composition of the meibum, instability of the lipid tear film, and symptoms of
obstructive dry eye disease (30). However, the substrate promiscuity may indicate tissue-
specific functions of AWAT2. To investigate the proposed role of this enzyme in the cone-
specific regeneration of visual chromophore, we examined whether AwatZ~~ mice reveal
impairments in retinal structure, cone-driven light responses, or cone dark adaptation.

MATERIAL AND METHODS

Animal genetic manipulation and genotyping

All mice used in this study were housed in the pathogen-free animal facility at the School of
Medicine, Case Western Reserve University, where they were maintained under a 12-h light/
12-h dark cycle (~50 lux) environment with food and water available ad /ibitum. All animal
procedures and experiments were approved by the Case Western Reserve University Animal
Care Committee and conformed to both the recommendations of the American Veterinary
Medical Association Panel on Euthanasia and the Association of Research for Vision and
Ophthalmology.

The generation of the genetically modified mouse line with the /oxPand /oxP/IFRT flanking
exons 3, 4, and 5 of the Awat2 gene was subcontracted to the InGenious Targeting
Laboratory (30). The Awat2-knockout mice (Awat2™") were generated by the deletion of

a portion of the Awat2 gene using the cre/loxP recombination system. For this purpose,
Awat2-LoxP hemizygotes (Awat2™"Y) mice were crossed with female Sox2-cre transgenic
mice (B6-Cg-Tg(Sox2-cre)LAmc/J from The Jackson Lab (Stock# 008454) (30-32). To
allow isolation of the electrophysiological response of cone photoreceptors, female non-
carrier Sox2-cre AwatZ2”~ (homozygous females) and male non-carrier Sox2-cre Awat2!Y
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(hemizygous males) were crossbred with B6.Cg- Gnat1/™®]Boc (Gnat1™) mice that contain
spontaneous mutation in the guanine nucleotide-binding protein subunit a transducing

1 (Gnatl) gene (The Jackson Lab, Stock# 008811) (33). Genotyping was conducted

by genomic PCR using the primers SC1, SDL2, and NDELZ2 for the Awat2 gene and

15495, 0IMR6082, 0IMR7338, 0lMR7339 for Sox2-cre as described previously (30). The
presence of Gnat1" mutation was verified by PCR using the following primers: rd17-F (5’
CTCAGAATACCAGCTCAATG-3’) and rd17-R (5’-GCTCTAGGTCTGAGAGATAG-3")
(Fig. 1B).

Acyl-CoA-dependent long chain alcohols esterification assay

The acyltransferase activity of AWAT2 was examined in microsomes isolated from
homogenized skin samples of WT and Awat2~~ mice by adapting the procedure described
in Arne et al. (29). Microsomes (50 ug of total protein) were incubated with 0.1 mM
tetradecanol and 0.4 mM myristoyl-CoA in 20 mM Tris/HCI buffer (pH 8.0). The alcohols
were delivered in 2 pul of A, A-dimethylformamide. The total volume of the reaction mix
was 0.2 mL. The enzymatic reaction was carried out at 37 °C with moderate shaking

in an Eppendorf thermomixer (600 rpm) for 1 h and stopped by the addition of 0.2 ml

of ethanol. To quantify the reaction product (myristyl myristate) by LC/MS, 400 pmol

of external standard, palmityl myristate (Cayman Chemicals) were added to each sample
prior to extraction with 0.3 ml of hexane. The samples were centrifuged at 15,000 x g

to separate the hexane phase. To analyze the alcohol ester content of the extracts, 100 uL
from each sample were injected onto a Luna PREP silica column (250 x 4.6 mm, 10 um,
Phenomenex). The alcohol esters were eluted with an isocratic flow of 1% ethyl acetate (v/v)
in hexane at a flow rate of 1.5 mL/min. The eluent was directed into an LTQ linear ion

trap mass spectrometer (Thermo Scientific) via an atmospheric pressure chemical ionization
source working in the positive mode. The amount of myristyl myristate was quantified by
comparing the areas under ion intensity peaks for the standard (m/z = 453.3 [M+ H]*) and
the product of the enzymatic reaction (m/z = 425.3 [M+ H]™) (29).

Retinols esterification assay

The Acyl-CoA-dependent esterification of retinol was examined in homogenates obtained
from retinas isolated from WT and Awat2™~ mice. Retinas from 4-5 mice were pooled
together, washed with ice-cold phosphate-buffered saline (PBS) twice and homogenated

in a glass-glass homogenator. The homogenates (150 pg of total protein) were incubated
with 2 UM of 11-cis-retinol and all-#rans-retinol in the presence of 0.4 mM myristoyl-CoA
(C14:0-CoA) and 1% (m/v) bovine serum albumin in PBS. The total volume of the reaction
mix was 0.2 mL. To control for potential contamination of the assay with RPE-derived
LRAT activity, the control samples were incubated without the addition of acyl-CoA. After
incubated at 30 °C with moderate shaking (600 rpm) for 1 h, the enzymatic reactions were
stopped by the addition of 0.2 mL of ethanol followed by the extraction of the retinoids with
0.3 mL of hexane. The retinoid compositions in the hexanoic extracts were examined by
normal phase HPLC. Retinoids were separated on a Luna PREP silica column (250 x 4.6
mm, 10 um) column in a step gradient of ethyl acetate in hexane (1% for 10 min followed by
10% for additional 20 min at a flow rate of 1.5 ml/min). Individual classes of retinoids were
detected at the wavelengthss of 318 nm and 325 nm and identified based on their retention
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time and characteristic UV/Vis spectra. The quantification of retinyl esters was performed
based on the standard curves that correlate the amount of synthetic standards and the area
under the corresponding chromatography peaks.

HPLC analysis of ocular retinoid

To measure the recovery of 11-c¢/s-retinal after photobleaching, 12-week-old mice were
anesthetized by intraperitoneal injection of 0.2 ml/25 g body weight of a mixture containing
20 mg/ml ketamine and 1.75 mg/ml xylazine in phosphate-buffered saline. Pupils of mice
were dilated with a mixture of 0.5% tropicamide and 0.5% phenylephrine hydrochloride
(Santen Pharmaceutical) and mice were exposed to 15,000 lux white light for 5 min. Mice
were then moved to a darkroom and euthanized at the appropriate time points. Eyes were
enucleated and homogenated in 1 mL of a mixture of PBS and ethanol (50%/50%, v/v)
containing 40 mM hydroxylamie. After 20 min incubation at room temperature, retinoids
were extracted with 5 mL of hexane. The organic phase was collected and evaporated in a
SpeedVac. Retinoid separation and quantification were performed as described previously
(34). Retinoids were separated by normal-phase HPLC using 1100 series instrument
(Agilent Technology) and a Luna PREP silica column (250 x 4.6 mm, 10 pum) column

in a step gradient of ethyl acetate in hexane (1% for 10 min followed by 10% for additional
20 min at a flow rate of 1.5 ml/min). Individual classes of retinoids were detected at

the wavelengths of 325 nm and 360 nm. 11-c¢/s-Retinal was quantified according to the
standard curves that correlate the amount of injected synthetic standard and the area under
its chromatography peak.

Spectral Domain Optical Coherence Tomography (SD-OCT)

The morphology of the retina was examined by SD-OCT (Envisu R2210, Bioptigen). For
in vivo imaging, mice were anesthetized with a ketamine/xylazine cocktail and the pupils
dilated as described above. The retinal imaging was performed and the acquired raw data
were examined using Envisu application software.

Immunofluorescence staining

Mouse eyes were collected and immediately fixed in 4% paraformaldehyde-PBS solution
for up to 24 h. Next, they were placed in 30% sucrose solution in PBS. After the tissues
were fully saturated with sucrose, they were embedded in an optimal cutting temperature
compound medium (Sakura Fine Chemicals), and then frozen. Cryosections were cut using
a cryostat-microtome (Leica) at 5 um thickness. For immunofluorescence staining, frozen
sections were air-dried for 30 min and then washed twice in PBS for 5 min at room
temperature. Sections were then permeabilized and blocked in 2% goat serum, 1% bovine
serum albumin, and 0.1% Triton X-100 in PBS at room temperature, and shaken for 1 h

in a rocker (Rocker 25, Labnet International) at 20 rpm. Then the sections were incubated
overnight at 4 °C with the rabbit anti-AWAT2 (NBP1-91574 from Novus Biologicals) and
mouse anti-RPEG65 antibody at 1:100 dilution, the sections were washed three times with
PBS for 10 min and incubated with a 1:400 dilution of secondary antibody, Alexa Fluor
555 conjugated goat anti-rabbit 1gG or Alexa Fluor 488 conjugated goat anti-mouse IgG
(Life Technologies) in the blocking buffer. Finally, the sections were washed three times for
15 min each with PBS, mounted in a mounting medium (Prolong Gold Antifade Reagent
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containing 4’,6-diamidino-2-phenylindole, Intrivogen), and covered with cover glass and
allowed to dry. Fluorescent images were obtained on an Olympus F\VV1200 Laser Scanning
Microscope using laser diode 405 nm, 50 mW for DAPI, 473 nm, 15 mW for Alexa Fluor
488, or 559 nm, 20 mW for Alexa Fluor 555 with a 20x objective on Olympus 1X83 inverted
microscope.

Flat-mounted retinas

For the quantification of cone photoreceptor cells, flat-mounted retinas were prepared.
Enucleated eyes were fixed in 4% paraformaldyhe-PBS solution for 1 h before the retina
was dissected. The dissected retinas were soaked in methanol, then fixed and flattened in
4% paraformaldyhe-PBS solution between two coverslips. Before immunostaining, flattened
retinas were permeabilized in methanol, washed with PBS, and blocked in 2% goat serum in
PBS containing 0.05% Tween (PBST) for 1 hour. Then, the flattened retinas were incubated
overnight with shaking at 4°C with anti-S opsin (AB5407, MilliporeSigma) or anti-M

opsin (AB5405, MilliporeSigma) antibody at 1:200 dilutions. The flattened retinas were
washed three times with PBST for 10 min and incubated with a 1:500 dilution of secondary
antibody Alexa Fluor 568 (A-11011, Thermo Fisher Scientific) for 2 h at room temperature.
Finally, the retinas were washed two times for 10 min with PBST and one time with PBS,
mounted with Prolong Diamond Antifade Mountant (Thermo Fisher Scientific) with the
photoreceptor cell side facing the cover slip. Flat-mounted retinas were imaged on a laser
scanning confocal microscope (Olympus FVV1200) with a 20%/0.75-NA objective by exciting
the sample with a 559 nm diode laser and collecting the emission signal at 575-620 nm.
Each image consists of an 11 x 11 array of 121 tiles centered at the optic nerve, and each
tile is a z-stack projection of at least 3540 slices. The individual tiles were stitched together
with the Olympus FluoView software to create the final image.

Histology and hematoxylin and eosin staining

The morphology of mouse retinas was assessed using Haemotoxylin and Eosin (H&E)
staining of paraffin sections. Mouse eyes and eyelids were fixed in 4% paraformaldehyde
and 1% glutaraldehyde followed by paraffin sectioning. Fixed tissues were washed with
PBS and processed through a Sakura Tissue-Tek VIP E-300 vacuum infiltration paraffin
processor. Briefly, tissues were placed in 70% ethanol then dehydrated by increasing
concentrations of ethanol (from 70% to 100%). The ethanol was exchanged with xylene by
repeated incubations for 1 h. To exchange xylene with paraffin, the samples were incubated
in melted paraffin for 30 minutes. This procedure was repeated four times. The tissues were
embedded in fresh paraffin using the Tissue-tek paraffin embedding center. Sections were
sliced in 5 pm thickness on a Microm HM355 paraffin microtome. Paraffin sections were
stained with H&E and imaged using a high resolution bright-field light microscope (Leica)
connected to an Exi Aqua Blue camera (Teledyne QImaging) equipped with a 20x objective.
Metamorph Imaging software (Molecular Devices).

In vivo electroretinography (ERG)

Animals were dark-adapted overnight and anesthetized with an intraperitoneal injection of a
mixture of ketamine (100 mg/kg) and xylazine (20 mg/kg). Pupils were dilated with a drop
of 1% atropine sulfate. Mouse body temperature was maintained at 37 °C with a heating
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pad. ERG responses were measured from both eyes by contact corneal electrodes held in
place by a drop of Gonak solution (Akorn). Full-field ERGs were recorded with a UTAS
BigShot apparatus (LKC Technologies) using Ganzfeld-derived test flashes of calibrated
green 530 nm LED light.

Rod ERG a-wave fractional flash sensitivity (Sp was calculated from the linear part of the
intensity-response curve, as follows:

A
Sf_Amax'I’

where A is the rod a-wave dim flash response amplitude, A4 is the maximal response
amplitude for that eye (determined at 23.5 cd-s m~2), and /is the flash strength. Similarly,
M-cone ERG b-wave flash sensitivity (S in mice with Gnat1/" genetic background, which
blocks rod signaling without affecting cone responses, was determined after normalization
of the dim flash response to the maximal b-wave amplitude obtained with the brightest white
light stimulus from the Xenon Flash tube (700 cd-s m~2). The b-wave measurements were
used for all cone in vivo ERG recordings because of the very small magnitude of the cone
a-wave in these conditions. The sensitivity of rods or cones was first determined in the dark.
To monitor the postbleach recovery of rod ERG A, and rod Sgor cone Sy the bulk (>
90%) of respective visual pigment was bleached with a 35-s exposure to 520 nm LED light
focused at the surface of the cornea. The bleached pigment fraction was estimated from the
following equation:

F=1—e(_IAP-t),

where Fis the fraction of pigment bleached, ¢is the duration of the light exposure (s), /is
the bleaching light intensity of 520 nm LED light (1.3 x 108 photons um=2 s71), and Pis

the photosensitivity of mouse photoreceptors at the wavelength of peak absorbance (5.7 x
1079 um? for mouse rods (35); and 7.5 x 1072 um? for mouse cones (36)). For the rest of the
experiment, the mice were kept in darkness and their rod or cone sensitivity was measured
periodically with a test flash. Mice were re-anesthetized every 30-40 min with a lower dose
of ketamine (~1/3 of the initial dose) and a 1:1 mixture of PBS and Gonak solutions was
gently applied to their eyes with a plastic syringe to protect them from drying and maintain
contacts with the recording electrodes.

Ex vivo cone ERG recordings from isolated mouse retinas

Mice were dark-adapted overnight and sacrificed by CO» asphyxiation. The whole retina
was removed from each mouse eyecup under infrared illumination and stored in oxygenated
aqueous L15 (13.6 mg/ml, pH 7.4) solution (Sigma-Aldrich) containing 0.1% BSA, at room
temperature. The retina was mounted on filter paper with the photoreceptor side up and
placed in a perfusion chamber (37) between two electrodes connected to a differential
amplifier. The tissue was perfused with Locke’s solution containing 112.5 mM NaCl, 3.6
mM KClI, 2.4 mM MgCl,, 1.2 mM CaCl,, 10 mM HEPES, pH 7.4, 20 mM NaHCO3, 3 mM
Na succinate, 0.5 mM Na glutamate, 0.02 mM EDTA, and 10 mM glucose. The solution
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was supplemented with 2 mM L-glutamate and 10 pM DL-2-amino-4-phosphonobutyric
acid to block postsynaptic components of the photoresponse (38), and with 20 uM BaCl,
to suppress the slow glial PI1l component (39). The perfusion solution was continuously
bubbled with a 95% O,/5% CO, mixture and heated to 36-37 °C.

To isolate the cone component of the transretinal response, all experiments were performed
with mice in the Gnat1™" genetic background. Cones in the retina were stimulated with
20-ms test flashes of calibrated 505 nm LED light. The light intensity was controlled by

a computer in 0.5 log unit steps. To monitor the postbleach recovery of cone ERG a-wave
flash sensitivity (Sy see definition in a previous section), >90% of M-cone visual pigment
was bleached with a 3-s exposure to 505 nm light. The bleached fraction was estimated from
the same equation as described for a similar dark adaptation experiment in vivo:

F:l_e(—l~P~1)’

where Fis the fraction of cone pigment bleached, #is the duration of the light exposure (in
seconds), /is the bleaching light intensity of 505 nm LED light (1.6 x 108 photons pm=2
s71), and Pis the photosensitivity of mouse cones at the wavelength of peak absorbance
(7.5 x 1079 pm?). For the rest of the experiment, the retinas were kept in darkness and cone
sensitivity was measured periodically with a test flash. Photoresponses were amplified by
a differential amplifier (DP-311, Warner Instruments), low-pass filtered at 300 Hz (8-pole
Bessel), and digitized at 1 kHz. Data were analyzed with Clampfit 10.4 and Origin 8.5
software.

Statistical Analyses

Unless otherwise specified, morphological and biochemical data are presented as means

+ standard deviation (SD), whereas electrophysiological data are presented as means +
standard error of the mean (SEM). The number of samples and independent experiments are
indicated in the figure legends. Statistical significance was assessed using one-way analysis
of variance (ANOVA) followed by the Scheffe test using Origin 9 software (OriginLab
Corporation). If not specified differently in the figures, thresholds of significance are set at
*p<0.05, **p<0.01, or ***p<0.001.

RESULTS

Intra-retinal localization of AWAT2

As reported previously, the inactivation of the Awat2 gene resulted in a phenotype
characteristic of obstructive dry eye syndrome and corresponding skin abnormalities related
to the blockage in wax ester production in the meibomian and sebaceous glands (30) (Fig.
1C). To verify whether AWAT?2 contributes to the esterification of retinoids in the retina, we
performed an AWAT2 enzymatic assay in retinal extracts obtained from WT and Awat2/-
mice. The examined WT samples revealed modest but quantifiable acyl-CoA-dependent
enzymatic activity towards 11-cis-retinol (Fig. 1D and Supplementary Fig. 1). Interestingly,
we did not observe the production of all-frans-retinyl esters. However, 13-cis-retinyl esters
were readily detectable, indicating the specificity of the enzymatic activity towards cis-
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retinols (Supplementary Fig. 1). The absence of AWAT?2 led to a decline in the production
of 11-c/s-retinyl esters to the level observed for samples incubated without the acyl-CoA
substrate. Thus, AWAT?2 enzymatic activity contributes considerably to the biosynthesis of
cis-retinyl esters in the mouse retinal homogenates.

Importantly, AWAT2-deficiency did not cause macroscopic developmental abnormalities
within the eye, providing an opportunity to investigate the role of this enzyme in

the recycling of retinal visual chromophore. For this purpose, we first examined the
expression pattern of Awat2in the mouse retina. The immunohistochemistry of retinal
sections of wildtype (WT) mice revealed a broad distribution of AWAT2 within the

neural retina. The protein was detectable primarily in the photoreceptor inner segments,
outer and inner plexiform layer, as well as in ganglion cells (Fig. 2A). By comparison,

the immunofluorescence signal for AWAT?2 was less profound in Miiller cells and only
partially resembled the pattern of expression characteristic for the Muller cells markers
such as CRALBP (Fig. 2C) and glutamine synthetase (GluSyn) (Fig. 2D). Importantly,
retinal sections isolated from Awat2~~ mice used as controls did not show any specific
immunofluorescence signal, indicating the selectivity of the polyclonal antibodies (Fig. 2B).
Interestingly, in addition to the retina, AWAT?2 was also detectable in RPE cell layers,
contradicting previously published observations (22). Therefore, we verified the expression
pattern of Awat2in isolated retina and RPE cells by RT-PCR (Fig 2E). The signal for
AWAT?2 was clearly detectable in the highly purified RPE fraction, confirming the results
obtained by immunohistochemistry. Therefore, AWAT2 expression is not specific to any
particular cell type within the mouse retina and also includes RPE cells.

AWAT?2 deficiency does not affect retinal morphology

To investigate whether AWAT2-deficiency induces any changes to the cellular structure of
the retina, we examined eye sections isolated from 4-month-old mice. As indicated by the
H&E staining, the morphology of Awat2”~ retinas did not reveal any abnormalities and
was not distinguishable from WT counterparts of identical genetic background (Fig. 3A).
Quantitative measurements of retinal morphology were provided by OCT analysis, with
measurements of the thickness of ONL across the retinas indicating no difference between
KO and WT groups of mice (Fig. 3B).

Cones are particularly sensitive to chromophore deficiency and degenerate in the absence of
efficient chromophore supply (40-42). To examine the effect of AWAT2 deletion on cone
density, WT and Awat2~~ mouse retinas were processed as flat-mounted retinas and stained
against S- and M-opsins (Fig. 3C). Fluorescence intensity quantification for these two types
of opsins showed no statistically significant differences in the number of cones between

the experimental samples (Fig. 3D). Therefore, the absence of AWAT2 does not affect cone
survival in 4-month-old mice.

AWAT?2 deficiency has no detectable effect on ocular retinoid composition and
regeneration of rod visual chromophore

To examine whether AWAT?2 enzymatic activity contributes to the total flux of retinoids
in the retina, we measured the rate of recovery of 11cRAL after ~70% of rhodopsin
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photobleaching. As indicated in Fig. 4A, the average amount of 11cRAL at each examined
time point after the light exposure was the same within the margin of error in Awat2~/~
and WT mice. Thus, the rate of rod visual chromophore regeneration was not affected

by the deletion of Awat2in mice. Additionally, the HPLC chromatograms indicated no
detectable differences in any other retinoid metabolites such as all-#rans-retiny| esters and
all-frans-retinol (Fig. 4B and C). Taken together, these data support the lack of immediate
impact of AWAT?2 deficiency on the functional integrity of the retina or on the recycling of
visual chromophore for the rods by the classic RPE visual cycle.

AWAT2 deficiency does not affect dark adaptation of rods

AWAT?2 has been hypothesized to be involved in the recycling of visual chromophore in

the retina (21). To begin investigating the possible functional role of AWAT?2 in the mouse
retina, we first examined the function of rod photoreceptors in control and AwatZ~~ mice.
We performed /n vivo ERG recordings from dark-adapted control (WT) and Awat2™~
animals. The mutant mice produced robust rod-driven, scotopic, photoresponses that were
comparable in waveform kinetics to these in WT mice (Fig. 5A). Interestingly, the maximal
scotopic a-wave response, Amay, in dark-adapted (DA) Awat2~~ mice was only ~58% of
that in WT mice (see DA points in Fig. 5B, C), with mean values of 281 + 14 pV (n =

8) and 162 = 9 uV (n = 10), respectively. Also, scotopic a-wave photosensitivity, Sg, was
slightly reduced (by ~13%) in Awat2”~ (1.33 + 0.06 m? cd-s™L; n = 10) as compared to WT
(1.54 m? cd-s~1 £ 0.07; n = 8) mice (p < 0.05; see also the DA points in Fig. 5D, E). There
was also a proportional (~46%) reduction of the maximal rod ON bipolar cell-driven ERG
b-wave response in the mutant animals (273 = 16 uV, n = 10) as compared to WT (510 + 36
KV; n = 8). The similar level of reduction of the scotopic a- and b-wave maximal response
amplitudes suggests that the deficiency originates in the rods and is then simply propagated
to the rod ON bipolar cells.

Next, to determine whether the efficiency of visual chromophore supply to rods is affected
by the deletion of AWAT?2, we evaluated the recovery of rod-driven a-wave ERG response
following exposure of the eyes to brief bright light estimated to bleach >90% of rhodopsin.
Both the scotopic maximal a-wave response amplitude (Amax; Fig- 5B, C) and the scotopic
a-wave sensitivity (Fig. 5D, E) recovered with comparable kinetics in WT and Awat2”~
mice, confirming results obtained by retinoid analysis.

AWAT2 deficiency affects the function and dark adaptation of cones

If, as postulated, AWAT2 plays a role specifically in the chromophore recycling by retinal
Muller cells, it would be expected that its deletion will selectively affect the function of
cones. To address this question, we first compared the cone-driven responses from control
and AwatZ”~ mice in dark-adapted conditions. To isolate the cone component of the retinal
total response, all mice for these cone experiments were on Gnat/® background, which
lacks rod function due to a mutation in rod transducin (Fig. 1B) (33). We performed
transretinal recordings first, which allowed us to block pharmacologically the b-wave
response and examine the sensitivity and waveform of the M-cone responses in control
(Gnat1'@y and Awat2~~ Gnat1'™® mice. Comparison of their dim flash responses revealed
that cone responses in Awat2 "/ Gnat1'® mice have a shape that is comparable to that
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in control mice (Fig. 6A). The fractional photosensitivity was also comparable for control
(3.2x1075 + 2.9x1076 pm?2 ph~1; n = 18) and Awat2”"/ Gnat1™" (3.7x1075 + 2.9x1076 um?
ph~1; n =18, p> 0.05) cone responses. Consistent with this, analysis of the rising phases of
cone responses showed that the amplification of cone phototransduction is also not affected
by the deletion of AWAT2. The saturated responses of Awat2~~/ Gnat1' cones also had
normal kinetics, with only a slight delay in the recovery phase (Fig. 6B). Comparison of

the maximal cone response amplitudes revealed that they were similar in control and mutant
lines, with mean values of 23.1 £ 0.9 uV (n =17) and 23.7 + 1.1 puV (n = 19), respectively
(p < 0.05). Thus, it appears that while the absence of AWAT?2 suppresses the maximal rod
response amplitude, it has no effect on the corresponding amplitude of the cone responses.

To further investigate the effect of AWAT2 in modulating the function of dark-adapted
cones, we performed /n vivo ERG recordings and examined the cone-driven b-wave
responses. Consistent with our transretinal recordings, the dim flash cone b-wave responses
of control and AwatZ”~/ Gnat1" mice had a comparable amplitude and time to peak (Fig.
6C). Similar to our rod results, we also found that the maximal M-cone b-wave response to a
bright flash was significantly reduced in Awat2~~/ Gnat1' mice to 63% of that in controls
(Fig. 6D) with mean values of 149 + 6 uV (n = 20) and 199 £+ 17 uV (n = 18), respectively.
Therefore, in contrast to rods, the absence of AWAT?2 does not affect the sensitivity or
maximal response of mouse M-cones and only results in a reduction in the maximal cone
bipolar cell-driven response.

Finally, we examined the effect of deleting AWAT?2 on the dark adaptation of M-cones.
First, to isolate the function specifically of the retina visual cycle, we performed recordings
from isolated retina, where the only mechanism for chromophore recycling is through the
Miiller cells (43). In both control and Awat2~" retinas, exposure to a brief bright light
resulted in a dramatic reduction of sensitivity caused by bleaching most of the cone visual
pigment (Fig. 7A and Supplementary Fig. 2A). In darkness, this initial desensitization was
followed by a rapid recovery of most of the sensitivity, so that 7 min after the bleach cone
sensitivity in control retinas had recovered to ~60% of its pre-bleach dark-adapted level
(Fig. 7A). A similar recovery took place in Awat2”~/ Gnat1' retinas (Fig. 7A), but the
relative level of recovery was significantly (~23%) lower than that for control cones. The
difference in recovery between control and Awat2”~/ Gnat1'™" cones can be appreciated
more easily in Fig. 7B, where cone sensitivity is replotted on a linear scale. The normalized
cone recovery data could be best fitted with double-exponential functions that yielded
recovery time constants of 0.77 min and 9.6 min (with corresponding amplitudes of the two
exponents of 0.40 and 0.25) for control and 0.82 min and 10.8 min (with corresponding
exponent amplitudes of 0.33 and 0.17) for mutant mice. Thus, there was only a slight (~7%)
slowing in the first rapid phase of cone sensitivity recovery after the bleach (with ~17%
reduction of its estimated amplitude) in the mutant line. In contrast, the second slower
phase of the recovery was compromised to a larger degree (~13%), with ~32% reduction
of its estimated amplitude, in Awat2”~/ Gnat1'@ mice. While it is rather difficult to ascribe
the two overlapping recovery phases to certain processes mechanistically, we believe that
its first rapid component (within first 30-40 seconds after the bleach) is mostly driven

by the cone phototransduction shutoff and respective recovery of the dark photovoltage,
whereas the second slower phase is dominated by the regeneration of the cone visual
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pigment intraretinally. Importantly, the final measured level of cone Sf recovery by 25 min
post-bleach was lower by ~23% in retinas from Awat2”~| Gnat1™" animals (48 + 3% vs.

62 + 4% in controls, p < 0.01). This result suggests that the absence of AWAT2 partially
suppresses the function of the retina visual cycle and the regeneration of cone visual pigment
in the isolated retina.

To determine how AWAT?2 modulates the overall dark adaptation of cones in the intact eye,
we examined the dark adaptation of M-cones /n vivo by ERG recordings. In this case, cone
pigment regeneration and sensitivity recovery after a bleach are driven by the combined
action of the canonical RPE visual cycle and the cone-specific retinal visual cycle. Because
cone a-wave is very small and difficult to detect and measure reliably by ERG recordings

in vivo, we used the cone b-wave as a readout of cone sensitivity. As in the transretinal
recordings, the exposure to brief bright light produced a rapid decrease in sensitivity due

to the bleach of most of the cone visual pigments (Fig. 7C and Supplementary Fig. 2B). In
control mice, the cone ERG b-wave sensitivity then recovered in two phases, a rapid phase
over the first 10 min, driven by the retina visual cycle, and a second slow phase over the next
50 min, driven by the canonical RPE visual cycle (43). As a result, 60 min after the bleach
cone b-wave sensitivity had recovered to 85% of its pre-bleach level (Fig. 7C). In Awat2™/
Gnat1' mice, the cone b-wave also recovered robustly (Fig. 7C), but both the initial

rapid phase and the second slower phase of cone recovery were significantly suppressed
compared to controls. The difference in recovery between control and Awat2~~ mice can be
appreciated more easily in Fig. 7D, where cone b-wave sensitivity is replotted on a linear
scale. It should be noted that the very initial rapid component of the recovery (corresponding
to the first recovery phase observed ex vivo) was not largely visible in these cone ERG
b-wave recordings, likely due to the longer bleaching step used in these conditions as well
as several seconds-long technical delay in the measurement at the first post-bleach time
point. Together, these results clearly demonstrate that the absence of AWAT?2 suppresses the
regeneration of M-cone visual pigment by affecting the recycling of chromophore by both
the cone-specific retina and the canonical RPE visual cycle.

DISCUSSION

Gene screening methodology has been successfully applied to identify RPE65 as a
functional retinoid isomerase in RPE cells, bringing an end to the decades long quest

for an 11-cis-retinol (11cROL)-producing enzyme (44). The implementation of the same
experimental approach to search for proteins involved in the cone-specific regeneration
pathway led to the identification of two gene candidates, DesI and Awat2 (21, 22). Based
on biochemical analysis, the protein products of these two genes were believed to work
cooperatively, enabling the formation of a readily accessible pool of 11-¢/sretinoids for
cone pigment regeneration. In this model, DES1 catalyzes the rapid isomerization of atROL
yielding an equilibrium mixture of c¢/sisomers, whereas AWAT?2 removes 11cROL from the
mixture by its selective esterification (22). However, unlike RPE65, the enzymatic activity
of which was confirmed by prior genetic evidence of the lack of visual chromophore in
Rpe65~~ mice (45), the physiological role of DES1 and AWAT? in the regeneration of
cone pigment remained to be investigated. Subsequently, an independent examination of
Muiller cell-specific Des1 knockout mice revealed the absence of a measurable effect on
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retinal morphology or the detectable impairment of cone functions (25). In addition, the
pharmacological treatment of cone-dominant ground squirrels with fenretinide, an inhibitor
of DES1 activity (46), did not result in delayed cone dark adaptation kinetics (16).

Although somewhat disappointing, the above findings do not exclude the possibility that
AWAT?2 serves a distinct role in retinal physiology as previously proposed (22). Aside

from robust wax ester formation and its role in tear film lipid biosynthesis (30, 47),

the preferential substrate specificity of AWAT2 towards ¢/is ROLs may indicate a DES1-
independent and tissue-specific function of the enzyme in retinoid metabolism (22, 29).
Therefore, we looked for a potential retina-related phenotype of Awat2”~ mice. Our analysis
indicated that the dry eye syndrome related to loss of AWAT?2 activity is not accompanied
by morphological abnormalities within the mouse retina. Moreover, we did not observe any
detectable anomalies in the canonical visual cycle retinoid metabolism or rod function.
Because in rod-dominant animals standard analytical techniques do not allow for the
reliable quantification of changes in retinoid composition related to cone functions, we
generated AwatZ~~ mice on the Gnat1™ mutation genetic background. By recording the
M-cone-specific ERG responses in both exand /n vivo experimental settings, we were

able to demonstrate that AWAT2 activity is required for the rapid cone dark adaptation.
Altogether, our electrophysiological data are consistent with a biological role of AWAT?2

in modulating the efficient regeneration of visual pigment in mouse cone photoreceptors.
Our data also revealed significant suppression of the rod responses but not cone responses
in AWAT 2-deficient retinas. Considering the lack of detectable retinal degeneration (Fig.

3), these findings suggest that AWAT2 might also be required for maintaining the optimal
lipid composition to support robust light responses in rod photoreceptors. Finally, we also
observed a suppression of the cone-driven b-wave that, unlike the case in rods, was not
associated with a reduction in the cone response in mice lacking AWAT2. This indicates

a direct effect of AWAT2-deficiency on the signal propagation from cones to cone ON
bipolar cells. This is in contrast to the proportional reduction in scotopic a-wave and b-wave
responses observed in AWAT2-deficient mice, which indicates no intrinsic deficiency in the
signal propagation from rods to rod ON bipolar cells. While the reason for this surprising
difference between rods and cones is unclear at the moment, it most likely indicates a
distinct role for AWAT? in defining the lipid milieu in rod and cone photoreceptors and their
respective ON bipolar cells.

AWAT?2’s contribution to biological processes seems to depend on cell types and available
substrates. AWAT?2 activity towards monounsaturated long chain alcohols is several fold
higher as compared to their saturated counterparts (28). The presence of a double bond

in the Z configuration introduces a bend or ‘kink’ in the structure of an aliphatic chain

of the alcohol substrates that mimics the structure of c/sretinoids. Thus, the preferential
esterification of c/sretinols as compared to atROL seems to reflect general properties of

the enzyme. Nevertheless, an obvious limitation of this study is that it was performed on
rod-dominant mice, restraining the use of analytical methods to follow the cone-specific flux
of retinoids. Thus, it remains unclear whether the absence of AWAT?2-catalyzed biosynthesis
of 11-cis-retinyl esters is fully responsible for the observed cone phenotype. In fact, we
cannot exclude the possibility that the observed delay of cone dark-adaptation in Awat2”~
mice may be related to subtle changes in the content or composition of lipids other than
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retinyl esters. The absence of the Awat2 gene orthologue in zebrafish may suggest the lack
of a decisive role for this enzyme in the 11-c/s-retinyl ester accumulation characteristic

for cone-dominant retinas (48, 49). Mono-, di-, and triacylglycerols are natural components
of photoreceptor outer segments (50). Particularly, polyunsaturated diacylglycerols (DAGS)
reveal important biological activity by serving as secondary messengers and altering the
physicochemical properties of the lipid membranes (51, 52). Thus, potential imbalance in
DAGs homeostasis caused by the absence of AWAT? activity may have an indirect effect

on phototransduction, neurotransmission or intracellular transport of retinoids (53, 54).
Consistent with this, we observed significant reduction in the maximal response of rods even
though their dark adaptation and chromophore supply through the canonical RPE-dependent
visual cycle remained normal.

Although our results demonstrate a role of AWAT2 in retinal physiology, the question

about alternative mechanisms supporting the cone-specific regeneration of visual pigments
remains. Unlike rods, cones can operate in bright light conditions. Therefore, the re-
isomerization of cone visual chromophore could be driven by the abundant source of energy
provided by incoming photons, yielding a fast and light intensity-dependent reisomerization
of atRAL. Two mechanisms have been proposed that may contribute to the photic
production of visual chromophore: nonenzymatic conversion of atRAL via a phospholipid
intermediate (55, 56) and retinal G protein-coupled receptor (RGR)-mediated generation of
11cRAL (57-59). In the first process, the formation of a Schiff base between atRAL and
phosphatidylethanolamine (PE) in the photoreceptor’s outer segment membranes increases
the quantum efficiency of blue light (450 nm)-dependent photoisomerization of the N-ret-PE
conjugate. In contrast, RGR opsin isomerization occurs at longer wavelength (505-535 nm)
(59). Because of the single step quantum reaction catalyzed by RGR, the activity of this
receptor can make a significant contribution to the readily available pool of 11cRAL in
RPE and Milller cells. Although appealing, both mechanisms have not been fully integrated
into the canonical visual cycle and seem not to be autonomous pathways for 11cRAL
supplementation as neither of them provides a sufficient amount of the visual chromophore
to sustain cone functions in the absence of RPE65. Also, they do not explain the robust
accumulation of 11-c/s-retinyl esters in the retina and RPE cell of cone-dominant species

— an observation consistent with a role for AWAT?2 in chromophore production in these
species. Lastly, the proposed mechanisms focus on the mechanistic aspect of isomerization
and ignore the transport of retinoids between the adjacent RPE, Miller, and photoreceptor
cells that constitutes an important element of regeneration kinetics. Answering these and
other questions related to cone physiology will require the development of genetically
modified cone-rich animal models that will alleviate the current limitations of mouse lines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 —. O-acyltransferase activity of AWAT2 in WT and Awat2™/~ mice.
A, schematic representation of O-acyltransferase activity of AWAT2 towards lipid substrates.

B, gel images of genomic PCR products used to detect deletion of the Awar2 gene and
mutations in the GnatI gene. The bottom gel demonstrates the presence of Gnat1/rar
mutation in the mice used in this study (101 bp band indicates the presence of mutation
rd17/rd17; 160 bp represent a wild type). C, O-acyltransferase assay conducted by using
epidermis lysates as the source of enzymatic activity. The absence of AWAT2 dramatically
diminishes acyl-CoA-dependent synthesis of myristyl myristate (wax ester). D, Acyl-CoA-
dependent esterification of 11-cis-retinol in retinal homogenates from WT and Awat2™~
mice. The absence of AWAT2 activity leads to decline of the production of 11-c¢/s-retinyl
myristate to the level observed in control samples lacking C14:0-CoA. Enzymatic activity
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data are presented as mean specific activity £ SD (standard deviation) for 4 to 6 biological
replicates in each group.
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Figure 2 —. Localization of AWAT?2 within the mouse retina.
A, immunofluorescence staining of mouse retina with anti-AWAT?2 antibody (red), anti-

RPEB65 antibody (green), and DAPI (blue). Specificity of the immunostaining was verified
in retinas isolated from Awat2~ mice (B). For comparison, bottom images represent
localization of CRALBP (expressed in RPE and Miiller cells), and glutamine synthetase
(GluSyn), expressed exclusively in Mdller cells (panels C and D, respectively). Expression
of AWAT2 was detectable primarily in the photoreceptor inner segments, outer and inner
plexiform layer with less profound presence in Muller cells. Scale bars correspond to 50
um. E, distribution of Awat2 mRNA between mouse retina and RPE cells indicates that
AWAT?2 expression is not limited to the retinal cells, but also includes RPE. The quality of
cell separation was verified by assessing mRNA levels of Rpe65and Rho.
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Figure 3 —. The absence of functional AWAT2 does not cause retinal degeneration.
A, morphology of WT and Awat2~ retinas from 3- to 4-month-old mice kept under

ambient room light conditions. RPE, retinal pigmented epithelium; OS, outer segment; IS,
inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear
layer; IPL, inner plexiform layer; GCL, ganglion cell. Scale bar corresponds to 50 pm.

B, photoreceptor thickness quantified by OCT plotted for WT and Awat2”~ mice. No
differences in the retinal morphology were observed in any other experimental groups (n =
6). C, representative images of immunodetection of M- and S-cones in flat-mounted retinas.
The retinas were obtained from 3- to 4-month-old WT and Awat2~~ mice. Bars correspond
to 1 mm in the whole mounts and 0.4 mm in higher magnification pictures. D, quantification
of the total number of cones in examined retinas. Six images were taken from six different
mice per experimental group. Data show average + SD. No significant differences were
detected between WT and AwatZ~~ mice as indicated by p> 0.5.
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Figure 4 —. AWAT?2 deletion does not affect the canonical RPE visual cycle.
A, the rate of visual chromophore regeneration after exposure to bright light. Graph

represents the recovery of 11-c¢/s-retinal as a function of time after photobleaching of

WT and AWAT2-deficient mice. Each experimental point corresponds to an average value
obtained from six eye samples. Error bars represent SD. B, representative chromatogram
of retinoid species identified in the eye extracts of examined mice. Peak [a] represents
all-trans-retinyl esters, peaks [b] and [b’] — 11-cis-retinal synand anti-forms, respectively,
whereas peak [c] corresponds to all-frans-retinal. C, UV/Vis spectra for the corresponding
chromatography peaks found in chromatograms shown in panel B.
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Figure 5 —. Normal rod dark adaptation in AWAT2-deficient mice.
A, representative scotopic ERG responses in the dark (dark-adapted [DA], bottom) and

at four indicated time points after bleaching > 90% of the rod pigment in WT (left)

and AwatZ™" (right) mice. For each time point, Amax values were normalized to their
corresponding pre-bleach dark-adapted value (AnaxP?). B, recovery of normalized scotopic
ERG maximal a-wave amplitudes (Amax; mean £ SEM (standard error of the mean)) after
bleaching > 90% of rhodopsin in WT (n = 8) and Awat2~~ (n = 10) mice. Bleaching was
achieved by 35-s illumination with bright 520-nm LED light at time 0. For the rest of

the experiment, the mice were kept in darkness and their rod a-wave maximal response

and sensitivity were measured periodically with a test flash. Panel C shows the raw

data presented in panel B without normalization to dark-adapted values. D, recovery of
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normalized scotopic ERG a-wave flash sensitivity (S; mean £ SEM) after bleaching > 90%
of rod pigment in WT (n = 8) and Awat2”~ (n = 10) mice. SPA designates the sensitivity of
dark-adapted rods. Animals and experimental conditions were the same as in panel B. The
raw data before normalization to dark-adapted values are shown in panel E.
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Figure 6 —. Physiological characterization of M-cones in dark-adapted WT and Awat_2'/‘ mice.
A, kinetics of cone phototransduction in control (Gnat1®) and Awat2™~ Gnat1'™" mice ex

vivo. Population-averaged (mean + SEM) dim flash responses to test stimuli of 7.0 x 103
photons um=2 (n = 18 for each line) were normalized to maximal response amplitudes
(Rmax) of respective retinas. B, comparison of saturated cone responses from control
(Gnat1'™y and Awat2~~| Gnat1'" animals ex vivo. Population-averaged (mean + SEM)
responses to test stimuli of 2.0 x 108 photons um=2 (n = 18 for each strain) were normalized
to Rmax Of respective retinas. C, kinetics of cone ON bipolar cell driven ERG b-wave
responses in control (Gnat1/ and Awat2~~| Gnat1' mice in vivo. Population-averaged
(mean + SEM) dim flash responses to test stimuli of 0.24 cd-s m™2 (n = 18 for WT, n =

20 for mutant) are shown. D, comparison of cone ERG responses (containing both negative
a-wave and positive b-wave) in control (Gnat1®) and Awat2~~| Gnat1™" mice in vivo.
Population-averaged (mean + SEM) bright flash responses to test stimuli of 700 cd-s m™2 (n
= 18 for control mice, n = 20 for mutant) are presented.
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Figure 7 —. Suppressed M-cone dark adaptation in AWAT2-deficient mice.
A, ex vivorecovery of normalized cone ERG a-wave flash sensitivity (Sp in isolated retinas

of control (Gnat1™) (n = 17) and Awat2™~ Gnat1™" (n = 19) animals after bleaching >
90% of cone pigment at time 0 with 505 nm LED light. For the rest of the experiment,

the retinas were kept in darkness and their cone sensitivity was measured periodically with
a test flash. Averaged data were fitted with double-exponential functions that yielded the
recovery time constants of 0.77 min and 9.6 min for control and 0.82 min and 10.8 min for
mutant mice. The final level of Sgrecovery by 25 min post-bleach was lower by ~23% in
Awat2™"| Gnat1' mice. SPA denotes the sensitivity of dark-adapted (DA) cones. Statistical
significance of the data between control and mutant mice is represented by **p < 0.01 (all
points). Panel B represents data shown in panel A in a linear scale for S4SPA. C, in vivo
recovery of normalized photopic ERG b-wave flash sensitivity (S mean = SEM) in control
(Gnat1i™y (n = 18) and Awat2™~ Gnat1™" (n = 20) mice after bleaching > 90% of cone
pigment at time 0 with 520 nm LED light. For the rest of the experiment, the mice were kept
in darkness and their cone b-wave sensitivity was measured periodically with a test flash.
SPA designates the sensitivity of dark-adapted cones. D, data from panel C represented
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on a linear scale. Statistical significance of the data between control and mutant mice is
represented by *p < 0.05, **p < 0.01, or ***p < 0.001. NS - not significant (o> 0.05).
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