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Rhodopsin is a prototypical G-protein-coupled receptor (GPCR) that is activated when its 11-cis-retinal moiety is photoisomerized to
all-trans retinal. This step initiates a cascade of reactions by which rods signal changes in light intensity. Like other GPCRs, rhodopsin is
deactivated through receptor phosphorylation and arrestin binding. Full recovery of receptor sensitivity is then achieved when rhodopsin
is regenerated through a series of steps that return the receptor to its ground state. Here, we show that dephosphorylation of the opsin
moiety of rhodopsin is an extremely slow but requisite step in the restoration of the visual pigment to its ground state. We make use of a
novel observation: isolated mouse retinae kept in standard media for routine physiologic recordings display blunted dephosphorylation
of rhodopsin. Isoelectric focusing followed by Western blot analysis of bleached isolated retinae showed little dephosphorylation of
rhodopsin for up to 4 h in darkness, even under conditions when rhodopsin was completely regenerated. Microspectrophotometeric
determinations of rhodopsin spectra show that regenerated phospho-rhodopsin has the same molecular photosensitivity as unphos-
phorylated rhodopsin and that flash responses measured by trans-retinal electroretinogram or single-cell suction electrode recording
displayed dark-adapted kinetics. Single quantal responses displayed normal dark-adapted kinetics, but rods were only half as sensitive as
those containing exclusively unphosphorylated rhodopsin. We propose a model in which light-exposed retinae contain a mixed popula-
tion of phosphorylated and unphosphorylated rhodopsin. Moreover, complete dark adaptation can only occur when all rhodopsin has
been dephosphorylated, a process that requires �3 h in complete darkness.
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Introduction
A key feature of G-protein-coupled receptor (GPCR) biology
shared by most GPCRs is their phosphorylation by one of a family

of receptor kinases and their subsequent binding to arrestin (Car-
man and Benovic, 1998; Lefkowitz, 2004). These two sequential
steps result in rapid quenching of receptor activity. This feature
allows GPCRs to detect and transmit rapid changes in the envi-
ronment. This is an important advantage for rod and cone pho-
toreceptors that must detect fleeting images of varying intensityReceived Sept. 23, 2015; revised May 16, 2016; accepted May 17, 2016.
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Significance Statement

G-protein-coupled receptors (GPCRs) constitute the largest superfamily of proteins that compose �4% of the mammalian ge-
nome whose members share a common membrane topology. Signaling by GPCRs regulate a wide variety of physiological pro-
cesses, including taste, smell, hearing, vision, and cardiovascular, endocrine, and reproductive homeostasis. An important feature
of GPCR signaling is its timely termination. This normally occurs when, after their activation, GPCRs are rapidly phosphorylated
by specific receptor kinases and subsequently bound by cognate arrestins. Recovery of receptor sensitivity to the ground state then
requires dephosphorylation of the receptor and unbinding of arrestin, processes that are poorly understood. Here we investigate
in mouse rod photoreceptors the relationship between rhodopsin dephosphorylation and recovery of visual sensitivity.
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that rapidly traverse the retina. In rod photoreceptors, G-protein
receptor kinase-1 (GRK1) sequentially phosphorylates a cluster
of six to seven serine/threonine residues located near the C ter-
minus of rhodopsin (Kühn, 1974; Chen et al., 1995; Hurley et al.,
1998; Mendez et al., 2000). This is followed by binding of
arrestin-1 (Arr1), resulting in complete termination of receptor
activation (Wilden et al., 1986). The number of phosphorylation
reactions and arrestin binding provide independent steps that
tightly control the active lifetime of rhodopsin, which is mani-
fested in highly reproducible single quantal responses (SQRs;
Doan et al., 2006; Azevedo et al., 2015). This feature is important
in rods, because SQRs represent a large proportion of the func-
tional range of the rod.

Complete regeneration of rhodopsin to the dark-adapted state
after exposure to light requires that rhodopsin dephosphorylates
and that Arr1 decouples from the receptor. This is particularly
important after the exposure of the eye to bright light in which
substantial phosphorylation persists on six phosphorylatable
residues on mouse and human rhodopsin (Kennedy et al., 2001).
The rhodopsin dephosphorylation reaction appears to be slow in
vivo (Kennedy et al., 2001; Lee et al., 2010). Moreover, regener-
ated phospho-rhodopsin has been measured to exhibit lower cat-
alytic activity in in vitro assays (Miller et al., 1986; Wilden et al.,
1986; Bennett and Sitaramayya, 1988; Wilden, 1995). However,
these results reflect the summed activity from a pool of rhodopsin
molecules on transduction gain but provide no information re-
garding the physiological consequences of the presence of these
phosphorylated rhodopsin pigments, the nature of the light re-
sponses that these pigments generate, and the effect they have for
the recovery of sensitivity in the intact retina.

Almost 40 years ago, Miller et al. (1977) measured the rate of
opsin dephosphorylation in frog rod photoreceptors after bright
light exposure. However, no electrophysiological measurements
were made at that time that would allow correlation with the state
of adaptation. The most convincing studies to date that support a
link between dark adaptation and the state of rhodopsin phos-
phorylation came from in vivo experiments on wild-type (WT)
mice (Kennedy et al., 2001; Lee et al., 2010). These studies corre-
lated the rate of rhodopsin dephosphorylation with the rate of
dark adaptation but fell short of demonstrating a causal link
between these processes. Moreover, they demonstrated that a
significant amount of rhodopsin is phosphorylated during
prolonged light exposure.

The primary focus of our work here is to demonstrate the
relationship between rhodopsin dephosphorylation and dark
adaptation in mouse retina. Inhibition of rhodopsin dephos-
phorylation by genetic means in mice is problematic because the
rhodopsin phosphatase gene has not been definitively identified
(Ramulu et al., 2001). In this study, we have identified a method-
ology by which rhodopsin dephosphorylation is reduced to un-
detectable levels. We use this methodology to test the hypotheses
that rhodopsin dephosphorylation is prerequisite to the recovery
of sensitivity during dark adaptation. We find that regenerated
phosphorylated rhodopsin can be photoactivated to initiate
phototransduction but with reduced efficiency compared with
the unphosphorylated form. Furthermore, we demonstrate that,
when up to 90% of rhodopsin remains phosphorylated after a
bleach, subsequent dark adaptation results in smaller quantal
responses whose kinetics are indistinguishable from those elic-
ited in rods containing the unphosphorylated form. Our find-
ings, together with those of previous in vivo (Kennedy et al., 2001;
Lee et al., 2010) and in vitro (Miller et al., 1977) studies, docu-
ment that opsin dephosphorylation is responsible for a novel very

long-lasting form of rod dark adaptation that affects vision at
threshold.

Materials and Methods
Preparation. All procedures were performed according to protocols ap-
proved by the Animal Care and Use Committees of Boston University
School of Medicine and the University of Southern California and in
accordance with the standards set forth in the Guide for the Care and Use
of Laboratory Animals and the Animal Welfare Act. Three strains of mice,
WT, cone photoreceptor function loss-3 (cpfl3�/�), and rhodopsin ki-
nase knock-out (Grk1�/�) were used in coordinated electrophysiologi-
cal, biochemical, and spectrophotometric studies. All strains were on a
C57BL/6J background. WT and cpfl3�/� mice were obtained from The
Jackson Laboratory. The cpfl3�/� strain is one in which the � subunit
of the cone transducin gene guanine nucleotide-binding protein,
�-transducing activity polypeptide 2 (GNAT2) harbors a missense mu-
tation that prevents activation of cone phototransduction, while other-
wise preserving rod function and retinal morphology (Chang et al.,
2006). This allows electrophysiological measurements of rod photore-
sponses from whole retina in the absence of a cone component. Mutant
cpfl3�/� mice are hereafter referred to by their conventional designation
as GNAT2�/� mice. Grk1�/� mice were obtained from the laboratory of
Dr. Jason Chen (Baylor College of Medicine, Houston, TX). WT mice
were females and 6 –10 weeks of age at the time of experimentation;
GNAT2�/� and Grk1�/� mice were of either sex and 3–12 weeks of age at
the time of experiment. Mice of all strains were maintained on a 12 h
light/dark cycle and were dark adapted for 12 h before all experiments.

At the beginning of each experiment, mice were killed in dim red light
by cervical dislocation, followed by decapitation. After the animals were
killed, eyes were removed and placed in a 3 cm plastic Petri dish contain-
ing physiological solution. From this point, all dissection and manipula-
tions of the tissue were performed under infrared illumination with the
aid of an infrared-sensitive video system. The eyes were hemisected, and
the retinae were removed and dissected free of the retinal pigment epi-
thelium (RPE). Retinae were then transferred to a light-tight container
containing buffered (1.9 g/L NaHCO3, bubbled with 95% O2, 5% CO2)
Ames medium (Sigma).

Bleaching and incubation of isolated retinae. A number of experimental
procedures required bleaching of a substantial fraction of the rhodopsin,
followed by incubation in darkness for variable periods of time. In such
cases, retinae were bleached using an optical source that consisted of an
adjustable intensity tungsten/halogen filament, a 500 nm interference
filter, and multiple neutral density filters. The light output provided a
spatially uniform circular spot 5 mm in diameter that was focused on the
retina. The bleached fraction, F, was calculated from the following
relation:

F � 1 � exp(�IPt), (1)

where t is the duration of the exposure to light, I is the bleaching light
intensity (5.5 � 10 5 photons �m �2 s �1), and P is the photosensitivity of
mouse rhodopsin (5.7 � 10 �9 �m2) measured in situ at the wavelength
of peak absorbance (Woodruff et al., 2004). Retinae were bleached at a
uniform rate of 0.3% per second. The plot illustrated in Figure 1 shows
the relation between the fraction of rhodopsin bleached, as measured
microspectrophotometrically, and predicted according to Equation 1.
The fit of the straight line to the data suggests good correspondence
between calculated and measured amounts of bleaching over the range of
0 –95%. After bleaching, retinae were incubated for variable periods in
darkness at 37°C in Ames culture medium (Ames and Nesbett, 1981) to
which 1.9 g/L NaHCO3 and 3.33 g/L (0.3%) fatty-acid free bovine serum
albumin (BSA; Sigma) had been added. The solution was equilibrated
with 95% O2 and 5% CO2 at pH 7.4. To facilitate rhodopsin regenera-
tion, 10 �M 11-cis-retinal was also added to the solution (unless other-
wise stated).

Incubation in darkness took place in a custom-fabricated light-tight
Delrin enclosure maintained at 37°C in a water bath. This enclosure was
designed to accommodate a 3 ml glass embryo dish, in which the retina
was bathed in buffered Ames solution. Moist gas (95% O2/5% CO2) was

6974 • J. Neurosci., June 29, 2016 • 36(26):6973– 6987 Berry et al. • Rhodopsin Phosphorylation and Dark Adaptation



blown across the top of the culture dish in the enclosure to maintain pH
at 7.4 and O2 in the solution at desired levels, unless otherwise noted.

Determination of rhodopsin phosphorylation by isoelectric focusing. We
measured the extent of phosphorylation on the six Ser/Thr sites on the C
terminus of rhodopsin after different periods of incubation in darkness
in retinae that had been exposed to calibrated bleaches. Experiments
were performed both in situ in intact mice after pupillary dilation or in
retinae that had been isolated from the RPE and then incubated for
various times in darkness. In experiments involving isolated retinae,
mice were first dark adapted overnight and killed by cervical dislocation
and decapitation. The retinae were then dissected from the eye cup and
RPE under infrared light and incubated in Ames bicarbonate buffer so-
lution equilibrated with 95% O2/5% CO2. Phosphorylation determina-
tions were made under two conditions: (1) in retinae that were dark
adapted; or (2) in retinae that were first bleached and then incubated in
darkness in the presence of 11-cis-retinal for various periods. The extent
of bleaching was varied over the range 20 –90%. The retinae, either
bleached or dark adapted, were transferred to Eppendorf tubes, frozen in
liquid nitrogen, wrapped in foil, and stored at �80°C before isoelectric
focusing (IEF) analysis, as described below. For the in vivo experiments,
mice were dark-adapted overnight. They were then kept in darkness or
exposed to light that resulted in a 90% bleach. The retinae were then
either frozen immediately after the bleach or were incubated in darkness
for the indicated times, then frozen, and processed for IEF analysis.

All steps for IEF determinations were performed under infrared light
or dim red light by methods similar to those described previously (Kühn
and McDowell, 1977; Adamus et al., 1993; Concepcion and Chen, 2010).
Frozen retinae were homogenized in 400 �l of buffer A [in mM: 25
HEPES, pH 7.5, 100 EDTA, 50 NaF, 5 adenosine, 1 phenylmethylsulfonyl
fluoride, and a mixture of protease inhibitors (Roche)] with a Polytron
(�30 s). Samples were then centrifuged for 15 min (19,000 � g, 4°C), and
the supernatant was discarded. The pellet was washed three times with 1
ml of 10 mM HEPES, pH 7.5, solution and resuspended in 1 ml of buffer
B [in mM: 10 HEPES, pH 7.5, 1 MgCl2, 0.1 EDTA, 2% BSA, 50 NaF, 5
adenosine, and protease inhibitors (Roche)], and excess exogenous 11-
cis-retinal was added to all samples (�900 –1200 pmol). The samples
were incubated overnight at 4°C on a nutator. The samples were again
centrifuged and washed with 10 mM HEPES and solubilized in 100 �l of
buffer C (10 mM HEPES, pH 7.5, 0.1 mM EDTA, 1 mM MgCl2, 10 mM

NaCl, 1% dodecyl-maltoside, and 1 mM dithiothreitol) for 3 h at 4°C.
Finally, the samples were centrifuged, and glycerol was added to the

supernatant to 5% final concentration and loaded into acrylamide gel
[5% acrylamide, 0.01% dodecyl maltoside, 13.33% glycerol, Pharmalyte
pH range 3– 8 (GE Healthcare)] on a Pharmacia FBE 300 flatbed appa-
ratus and focused for 2 h at 25 W. The proteins were transferred onto
nitrocellulose membrane by capillary action, and the membrane was
probed with the monoclonal antibody R2-12N that binds the N-terminal
residues of rhodopsin. The bands were visualized with the ECL system or
LI-COR Odyssey imaging system (LI-COR Biosciences). The intensity of
the bands was quantified using NIH ImageJ. The values were obtained
from at least three independent experiments.

Rod outer segment preparation/Western blot. Rod outer segment (ROS)
were isolated as described previously (Tsang et al., 1998; Moaven et al.,
2013). Four retinae from two mice were pooled, frozen in liquid nitro-
gen, and stored in foil-wrapped 1.5 ml microfuge tubes at �80°C until
use. Tissues were thawed and suspended in Ringer’s buffer (in mM: 130
NaCl, 3.6 KCl, 2.4 MgCl2, 1.2 CaCl2, 10 HEPES, and 0.02 EDTA, pH 7.4)
containing 8% OptiPrep (Sigma) and vortexed for 2 min. Tissue pieces
were then allowed to settle for 1 min. The supernatant containing severed
ROS was removed and collected, then 8% OptiPrep was again added, and
the process was repeated four more times. The pooled supernatant was
centrifuged on a discontinuous gradient containing 10% and 18% Op-
tiPrep in Ringer’s buffer at 70,000 rpm in a Beckman TLA100 rotor for at
least 1 h. The ROS band was collected, diluted in 3 vol of Ringer’s buffer,
and centrifuged at 50,000 rpm. The pelleted ROS was resuspended in
Ringer’s buffer containing 1% n-dodecyl-�-maltoside and protease in-
hibitor mixture (Roche) and incubated at room temperature for 30 min.
The ROS sample was combined with an equal amount of 2� sample
buffer, and the proteins were separated on SDS-PAGE, blotted onto
nitrocellulose, and probed with the following antibodies: rabbit anti-
G�5 at 1:3000 dilution (CT-215; M. Simon, Professor Emeritus, Division
of Biology, California Institute of Technology, Pasadena, CA), rabbit
anti-rod arrestin (Chen et al., 2006), and mouse anti-GNAT1 (TF-15,
1:5,000; CytoSignal). Signals were detected using an LI-COR Odyssey
Infrared Imaging system and quantified using ImageJ software.

trans-Retinal electroretinogram. The trans-retinal electroretinogram
(ERG) of isolated whole retinae provides a macroscopic measurement of
the flash response amplitude and sensitivity. It is an ideal method for
determining overall retinal responsiveness under conditions that are
identical to those under which levels of rhodopsin phosphorylation were
determined by IEF. Measurements were performed in a two-part cham-
ber. In the top half of the chamber, the retina was placed with the pho-
toreceptor side up, so as to expose rods to continuously circulating
bicarbonate-buffered Ames solution via a perfusion system. This solu-
tion was maintained at 37°C and contained 1.9 g/L NaHCO3 (equili-
brated with 95% O2/5% CO2, pH 7.4). It also contained 40 �M DL-AP-4
(Tocris Bioscience) to prevent rod to bipolar glutamatergic synaptic
transmission and 100 �M BaCl2 to suppress the response of Müller cells
(Nymark et al., 2005; Heikkinen et al., 2012). One recording electrode
was positioned in the solution above the photoreceptors. The reference
electrode was located in the chamber below the retina. A small aperture
(1 mm) separated the two chambers, over which the retina was flat-
mounted. The bottom chamber was filled with Ames solution that con-
tained 2.36 g/L HEPES, pH 7.4, 40 �M DL-AP-4, and 100 �M BaCl2. Flash
responses recorded from GNAT2�/� retinae contained exclusively the
rod component of the ERG response, because the cones in this mouse
strain are unresponsive.

Retinae were stimulated with 20 ms flashes of 500 nm light. The stim-
ulus light source was calibrated to deliver (without attenuation) 1.26 �
10 7 photons �m �2 s �1, and its spot size was sufficient to illuminate the
entire retina. We used calibrated neutral density filters to adjust stimulus
light intensity. Flash responses were recorded using a Warner Instru-
ments DP-311 differential amplifier (1000� gain) and low-pass filtered
at 1000 Hz, before being digitized and recorded at 2 kHz using a Digidata
1322A acquisition board. Data analysis was performed using the pClamp 9
software system (Molecular Devices). DC offsets were removed during data
analysis. Response families were obtained by averaging, seven trials for the
dimmest flashes and decreasing to a single flash for the brightest intensities.

Single-cell suction electrode flash response measurements. Single-cell
suction electrode recordings allow for the measurement of changes in

Figure 1. Comparison of fractional rhodopsin bleaching estimated by calculation and
bleaching measured by MSP (n � 3). Fractional bleaching was calculated according to Equation
1. Measurements of the extent of bleaching were made by measuring MSP spectra of a few tens
of rod outer segments projecting from the edge of a flat-mounted retina. Measurements were
made before and after exposure to a calibrated bleaching light. The amount of rhodopsin
bleached by each light exposure was then calculated as the difference in absorbance at 500 nm
from spectra measured before and after bleach exposure, as described in Materials and Meth-
ods. Error bars are �SEM. The solid line drawn at a slope of 1 indicates perfect correspondence
of calculated to measured values.
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photocurrent attributable to flash stimuli in single rod cells. Procedures
used were generally similar to those we have described previously (Ny-
mark et al., 2012). Retinal recordings were made immediately after iso-
lation from the eye cup or after a bleach and a period of incubation in
darkness in the presence of 11-cis-retinal. The retinae were cut into
smaller pieces and suspended in buffered Ames solution (HEPES, pH
7.4) and then injected into the recording chamber. The cells and retinal
fragments were allowed sufficient time to adhere spontaneously to the
bottom of the chamber before superfusion commenced. The superfusion
system provided medium that contained heated (35–37°C) Ames me-
dium that was buffered and gassed as described above. Single cells were
drawn outer-segment first into a tight-fitting glass micropipette for
recording.

The 500 nm flash stimulus had a duration of 20 ms. The maximum
unattenuated light intensity was set to provide 4.18 � 10 7 photons
�m �2 s �1. Calibrated neutral density filters were inserted into the stim-
ulus beam to attenuate the light intensity. Data were low-pass filtered at
50 Hz, digitized at 2 kHz, and recorded as described above. Response
families were obtained by averaging, seven trials for the dimmest flash
responses and decreasing to a single flash for the brightest intensities.

SQRs were estimated by measuring the mean and time-dependent
variance of current responses to dim flashes by methods described
previously (Rieke, 2000; Ala-Laurila et al., 2007). First, we recorded re-
sponse traces to 100 dim (3.56 � 10 2 photons �m �2 s �1) flashes. From
these traces, we calculated the mean response trace, r(t), the mean square
response trace, r 2(t), and the total variance �total

2 (t) as a function of time.
Second, we recorded 100 traces in darkness. From these, we calculated
the dark variance �dark

2 (t). The light-induced variance �light
2 (t) was calcu-

lated from the total variance and the dark variance by the following
relation:

� light
2 �t	 � �total

2 �t	 � �dark
2 . (2)

The number of photons that had been transduced per flash, R�, was
calculated by scaling the mean square response to the light-induced
variance:

R� � r2�t	/� light
2 �t	. (3)

Finally, SQR(t) was calculated by scaling the mean response r(t) by R�:

SQR�t	 � r�t	/R�. (3)

To obtain the activation constant, A, SQR(t)s of a given treatment were
averaged, smoothed (Origin version 8.5.1), and normalized to the dark
current (idark � 1, baseline � 0). The rising phases of these traces, y(t),
were fitted with an activation model (Pugh and Lamb, 1993):

y(t) � 1 � 0.5A(t � teff)
2, (5)

where t is the time, and teff is a temporal offset.
Microspectrophotometry. Measurements of rhodopsin absorption

spectra [optical density (OD) vs wavelength] from intact rod photore-
ceptors were made using a custom-built microspectrophotometer (MSP)
that has been described previously (Frederiksen et al., 2012; Nymark et
al., 2012). The retina was oriented photoreceptor-side up on a quartz
coverslip window located in the bottom of a Plexiglas recording cham-
ber. The retina was gently flattened with forceps and held in place at the
bottom of the chamber with a slice anchor (Warner Instruments). The
tissue was superfused at a rate of 4 ml/min with Ames solution that was
buffered and gassed as described above. Temperature was maintained at
35–37°C.

Measurements of absorption spectra were made before and after
bleaching and/or incubation in the presence of 11-cis-retinal. Spectra
were determined from a region of the retina along its edge where isolated
outer segments were visually identified. Generally, 10 sample scans and
10 baseline scans were each averaged over the wavelength range 350 –700
nm in steps of 2 nm to increase the signal-to-noise ratio of the measured
spectra. Absorbance spectra were calculated from Beers’ law according to
the following relation:

OD � log10�Ii/It	,

where OD is the optical density or absorbance, Ii is the light transmitted
through cell-free solution surrounding the outer segments, and It is the
light transmitted through the tissue. All absorption spectra were mea-
sured with the polarization of light in the incident measuring beam par-
allel to the plane of the intracellular disks (T polarization). The relative
concentration of rhodopsin was then determined by calculating the dif-
ference between that measured absorbance and the absorbance measured
after a total (�99%) bleach.

Results
Our approach was designed to establish the relationship between
rhodopsin dephosphorylation and dark adaptation. First, we
used IEF in combination with Western blotting to measure the
levels of rhodopsin phosphorylation in dark-adapted, bleached,
and regenerating retinae. Concurrently, we correlated this (IEF)
data with flash sensitivity recovery measured in isolated retinae
by trans-retinal ERG or single-cell suction electrode recordings.

Measurement of phosphorylated rhodopsin species by IEF
Figure 2A illustrates IEF gels that we used to measure the extent of
rhodopsin phosphorylation in isolated retinae from WT mice
before bleaching (dark-adapted overnight) and at different times
up to 180 min after exposure to a bright light that resulted in a
70% rhodopsin bleach. During the period before and after the
bleach, each retina was incubated in the dark in bicarbonate-
buffered, oxygenated Ames medium (in the absence of 11-cis-
retinal) maintained at 35–37°C. The amount of rhodopsin
phosphorylation is indicated in the IEF gels by the multiple bands
representing differently phosphorylated species of opsin. Similar
to human rhodopsin, mouse rhodopsin has three serine and
three threonine residues (al-Ubaidi et al., 1990) that can be phos-
phorylated after bleaching light exposure (Kennedy et al., 2001;
Lee et al., 2010). For instance, the band labeled 1P in Figure 2A
represents singly phosphorylated species. Likewise, the band la-
beled 4P is when four of the six residues are phosphorylated.
Finally, 6P represents the case in which all six sites were phos-
phorylated. It is evident from Figure 2A that, after 3 h of dark
incubation, there is a persistent and substantial quantity of phos-
phorylated bleached photopigment. Although this method pro-
vides no information about the identity of the specific residues
that are phosphorylated, the results suggest that, once each resi-
due is phosphorylated after light exposure, its phosphorylation
state is little changed for �3 h. A negative control for evaluating
rhodopsin phosphorylation by IEF after bleaching light is illus-
trated by the gel displayed at the extreme right of Figure 2A. This
gel was processed from the bleached GRK1�/� retina in which
rhodopsin kinase was genetically deleted. In contrast, Figure 2B
shows a similar experiment performed on live WT mice. Here the
retinae were removed from mice either before or after exposure
to a light measured to have bleached �90% of rhodopsin. Retinae
were flash-frozen for IEF analysis and were processed in the same
way as for gels in Figure 2A. After exposure to a �90% bleach, as
shown in the lane marked 0 min in Figure 2B, we observed (after
quantification of the data) that �90% of opsin was phosphory-
lated. These results are consistent with previous in vivo mouse
studies (Ohguro et al., 1995; Mendez et al., 2000; Kennedy et al.,
2001; Lee et al., 2010). However, our results and those cited above
are inconsistent with observations of negligible rhodopsin phos-
phorylation made from amphibian retinae (Binder et al., 1996).
The reason for this difference is likely attributable to lower bleach
levels relative to our conditions. In our data presented in Figure
2B, we observed that rhodopsin dephosphorylation was nearly
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complete after 3 h of dark adaptation. These data clearly show
that, by 120 min after bleach, no opsins had associated with them
more than two phosphates. It is evident from comparison of gels
in Figure 2, A and B, that dephosphorylation profiles are very
different. In the living mouse, opsin dephosphorylation takes
place over a time course of �3 h, as has been shown previously
(Kennedy et al., 2001; Lee et al., 2010). However, in isolated ret-
inae, the levels of phosphorylation at all residues had not mea-
surably decreased from their initial post-bleach levels at any time
measured.

Because our studies were designed to compare post-bleach
levels of rhodopsin phosphorylation with measurements of rod
sensitivity recovery made by whole retina ERG, it was important
to determine the rate of dephosphorylation in a mouse model in
which only the rod component of the electrical response is pres-
ent. The GNAT2�/� mouse model fills this requirement because
the cone component of the ERG is absent and rod responses can

be measured without complication of cone responses. Figure 2C
shows that, similar to WT retinae, very little dephosphorylation
of opsin was observed in isolated GNAT2�/� retinae during up to
4 h dark incubation subsequent to 50% bleach and, in addition,
after total pigment regeneration with 11-cis-retinal. Indeed, as
judged from the 0P band (unphosphorylated rhodopsin), the
extent of unbleached and unphosphorylated pigment remains at
50% even after 220 min. This is consistent with our measurement
of the amount of rhodopsin bleached. The plots in Figure 2, D
and E, show averaged phosphorylation data from isolated
GNAT2�/� retinae (as shown in Fig. 2C) and in retinae of WT
mice bleached in vivo (as shown in Fig. 2B). These data illustrate
graphically that the phosphorylation profiles observed in retinae
of WT mice, whether intact or isolated, are also observed in the
GNAT2�/� strain. Each graph in Figure 2, D and E, plots at
different times the fraction of the total phosphorylated residues
on opsin. Table 1 compares results similar to those in Figure 2

Figure 2. Opsin dephosphorylation measured by IEF gels before and after in vivo and ex vivo bleaching of mouse retinae. In vivo bleaching was performed by direct projection of 500 nm light into
the eye of anesthetized mice. Ex vivo bleaching was performed by projection of light on retinae that had been isolated from the RPE and placed in Ames solution in a small plastic Petri dish. IEF gels
show rhodopsin segregation based on the total number of attached phosphates as indicated in the right side of each series of gels. A, Gels from isolated retinae from WT mice. Retinae from
dark-adapted mice were either kept in darkness or were bleached by 70% and incubated in darkness for the indicated duration without added 11-cis-retinal, before freezing and processing. The
single lane at right was processed from a bleached Grk1�/� mouse retina. B, Gels from retinae of living animals processed as in A. Mice were either dark adapted or had their retinae subjected to
a 90% bleach in vivo. After bleach, animals were left in darkness for various periods (as indicated in the panel). C, Gels from isolated retinae from GNAT2�/� mice. Retinae from dark-adapted mice
were either kept in darkness or bleached by 50% and incubated with added 11-cis-retinal for the indicated times in darkness. D, Plots from IEF gels prepared from isolated retina preparations of
GNAT2�/� mice in four different conditions (left to right): 50% bleached (n � 3), 50% bleached and incubated in darkness with 10 �M 11-cis-retinal for 100 min (n � 4), for 160 min (n � 7), and
220 min (n � 6). The band intensities from IEF gels were quantified and analyzed using NIH ImageJ. Fractional phosphorylation of opsin is plotted on the abscissa. Sites (residues) with zero or
multiple phosphates are plotted on the ordinate. The error bars are �SD. E, Plots as in D derived from retinae of living WT animals in five different conditions (left to right): bleached (90%) and then
killed after 0 min in darkness (n � 4), bleached and killed after 30 min in darkness (n � 4), bleached and killed after 60 min in darkness (n � 4), bleached and killed after 120 min in darkness (n �
4), or bleached and killed after 180 min in darkness (n � 4). F, Fractional phosphorylation of opsin plotted versus time after bleaching in isolated retinae (black squares) or in retinae bleached in vivo
(red triangles). The data points were calculated from D and E. For each lane, densities from bands 1P to 6P were summed and divided by the summed densities from all bands (0 to 6P) to obtain the
fraction of phosphorylated rhodopsin in that sample. Error bars are �SD. Red line (Ptot ��0.004t 
 0.91) fitted to triangles by method of least squares. Black line is horizontal with a value of 0.5.
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made at 20, 50, and 70% bleaches, showing that sustained phos-
phorylation is observed on residues over a wide range of bleach
fractions. Here, it is also evident that the distribution of phos-
phorylation among 1P– 6P seems to be independent of the
fraction bleached. Figure 2F plots these data as fraction of phos-
phorylated species (summed signals from 1P to 6P divided by
total rhodopsin population) as a function of time after bleach, for
isolated retinae (black squares) and in the intact animal (red
triangles). The solid red straight line that was fitted to the red
triangles illustrates the time course of dephosphorylation mea-
sured in retinae of intact mice. The linear decline suggests that the
dephosphorylation mechanism may be saturated. The black hor-
izontal line plotted through the filled squares illustrates that the
phosphorylation level remains virtually unchanged in isolated
retinae after the bleach for up to 220 min at a level consistent with
the fraction bleached. A linear regression analysis was performed
on these data (data not shown). The linear regression line did not
deviate significantly from that plotted (p � 0.2484). These data
clearly show that there is no significant rhodopsin dephosphory-
lation taking place in isolated retina after bleaching, whereas ef-
ficient dephosphorylation takes place in vivo. Furthermore, the
blockage of dephosphorylation in the absence (Fig. 2A) or pres-
ence (Fig. 2C) of 11-cis-retinal indicates that pigment regenera-
tion has no effect on rhodopsin dephosphorylation in the isolated
retina. Together, the data from the IEF experiments demonstrate
that isolation of the retina from the living animal blocks virtually
all opsin dephosphorylation compared with the dephosphoryla-
tion that normally occurs in vivo.

This novel finding is robust. Similar results were obtained
under a variety of experimental conditions commonly used in
physiologic studies of isolated retinae, as shown in Figure 3.
These included different superfusion/incubation buffers in
which pH was regulated with HEPES or bicarbonate, over a pH
range from 5.6 to 8.0, in the presence and absence of 11-cis-retinal
(Fig. 3A), under different intensities of bleaching light (Fig. 3B),
when the retina was intact or chopped (Fig. 3C), under condi-
tions of continuous superfusion or static incubation, with or
without attached RPE (Fig. 3D), with or without exogenous in-
terphotoreceptor retinoid binding protein (data not shown), dif-
ferent extents of bleaching (from 20 to 70%; Table 1), and in WT
and GNAT2�/� genetic models (Fig. 2).

We found two conditions that promote rhodopsin dephos-
phorylation in the isolated retina. Both of these relate to the met-
abolic state of the retina. It is common practice to perform
electrophysiological experiments on mammalian retina under
conditions of high oxygen tension. Our experimental conditions
have followed this norm, using 95% O2/5% CO2. However, a
number of studies have established that O2 tension in the region
of the photoreceptors is much lower in the intact mammalian
retina at levels varying between 10 and 30% (Cringle et al., 2002;

Yu and Cringle, 2006; Birol et al., 2007; Lau and Linsenmeier,
2012). In addition, photoreceptor cells of the mammalian retina
use aerobic glycolysis because of their high metabolic demand
(Adler and Southwick, 1992; Hurley et al., 2015). This results in
high levels of lactate in the interphotoreceptor matrix. This lac-
tate is taken up and used as fuel by Müller cells (Lindsay et al.,
2014; Hurley et al., 2015). Therefore, some of our experiments
were performed in the presence of 4.0 mM Na L-lactate added to
the Ames medium (Fig. 3E). Other experiments were performed
under a level of O2 similar to that suggested as physiological by
the work referenced above (20% O2/5% CO2/75% N2; Fig. 3F).
These experiments were designed to test whether dephosphory-
lation may be enhanced under these more physiological
conditions. There was a pronounced effect on rhodopsin dephos-
phorylation when 4 mM L-lactate was included in the medium
(Fig. 3E). Interestingly, we found a modest, but statistically sig-
nificant, enhancement of rhodopsin dephosphorylation when
retinae were exposed to 20% O2 (Fig. 3F). Results from these
experiments suggest the involvement of metabolic processes in
rhodopsin dephosphorylation. The molecular mechanism(s) for
inhibition of dephosphorylation that we have observed in iso-
lated retina were not further investigated but left for subsequent
study. However, we found that the blockage of rhodopsin de-
phosphorylation in isolated retina is a useful tool for determining
mechanisms of dark adaptation.

Microspectrophotometric measurement of
phosphorylated rhodopsin
To determine whether phosphorylated opsin affects pigment re-
generation, we performed MSP recordings of the visual pigment
content of mouse rod outer segments in intact retina isolated and
treated under the same conditions used for IEF analysis. Figure
4A plots absorption spectra taken from a cluster of rod outer
segments located along the cut edge of a piece of isolated retina
that had been bleached by an amount calculated to be 50%, in-
cubated in darkness for 3 h in the incubation chamber, and then
transferred to the MSP stage. Spectrum 1 was measured after
superfusion in darkness and transfer to the MSP stage. After this
point, the retina was superfused with solution containing 10 �M

11-cis-retinal. Spectrum 2 shows that, during this intervening
period, substantial rhodopsin was regenerated. Spectrum 3 was
taken after exposure to bright light calculated to bleach �99% of
the visual pigment. The peak absorbance of spectrum 1 corre-
sponds to a 50% bleach (see Materials and Methods). Spectrum 3
is consistent with having bleached �99% of the rhodopsin at the
end of the experiment. The observation that spectrum 2 has twice
the OD of spectrum 1 confirms that the visual pigment was com-
pletely regenerated. The experiment illustrated in Figure 4B was
performed to demonstrate that incubation for long periods up to
3 h in the light-tight incubation container did not compromise
the physiological state of the isolated retina so as to impair rho-
dopsin regeneration. Spectrum 4 was measured 3 h after a retina
had been bleached by 50% and then placed in the light-tight
incubation container in Ames solution containing 11-cis-retinal.
The peak absorbance in this trace, whose level is similar to that
measured in dark-adapted retinae, suggests that most of the rho-
dopsin that had been bleached had been regenerated during
this 3 h period of incubation. To confirm this, the retina was
treated with additional 11-cis-retinal on the stage of the MSP
yielding the black trace (Figure 4B, 5), which shows no addi-
tional increase in absorbance. The total amount of rhodopsin
in the outer segments was then determined by calculation of
the difference in peak absorbance between this measurement

Table 1. Rhodopsin phosphorylation in bleached isolated retinae

Bound phosphates 20% Bleach 50% Bleach 70% Bleach Trend (100% bleach)

6P-rhopsin 2.7 � 0.6 5.8 � 0.7 8.2 � 1.9 11.6
5P-rhopsin 2.8 � 0.3 6.3 � 0.7 8.7 � 1.3 12.3
4P-rhopsin 2.0 � 0.2 5.6 � 0.6 8.5 � 1.8 11.5
3P-rhopsin 2.1 � 0.1 6.1 � 0.7 11.5 � 1.3 14.5
2P-rhopsin 3.7 � 1.2 7.0 � 0.8 16.9 � 0.7 20.3
1P-rhopsin 6.6 � 0.5 15.7 � 3.0 20.7 � 2.8 29.7
0P-rhopsin 80.1 (%)a 53.1 � 5.1 (%) 25.2 � 0.3 (%) 0 (%)

Retinae were bleached by 20% (n � 4), 50% (n � 6), or 70% (n � 3) and allowed to incubate in Ames medium for
3 h before IEF analysis. Errors are mean � SD.
aOversaturated data point, value calculated.
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Figure 3. Opsin dephosphorylation in isolated retinae measured by IEF gels in different conditions. The gels show rhodopsin segregation based on the total number of attached phosphates as
indicated in the right side of each series of gels. Except when noted, retinae were incubated in bicarbonate-buffered Ames medium under 95% O2/5% CO2. A, IEF gels measured after incubation in
different conditions as indicated in the panel. The retinae were either dark adapted (left most lane) or bleached 70% and incubated in Ames medium in darkness for 180 min. The opsin band,
representing the apoprotein attributable to incomplete regeneration with 11-cis-retinal, is sometimes observed in these gels. B, IEF gels of retinae that were bleached 70% at different bleaching
rates (as indicated in the panel) and incubated in Ames medium in darkness for 180 min. C, IEF gels of retinae that were bleached 50 or 70%, chopped, and then incubated in Ames medium containing
11-cis-retinal in darkness for 180 min. D, Eyecups containing both the neural retina and RPE were bleached and incubated in darkness as in C. E, Retinae were incubated in Ames medium containing 4 mM Na
L-lactate, bleached 70%, and immediately frozen (0 min) or frozen after incubated in darkness for 60 or 180 min. For each lane, signals from 1P to 6P were summed and divided by signals from all bands (0 to 6P)
to obtain the fraction of phosphorylated rhodopsin in that sample. The value obtained for 0 min was 0.72�0.04 (n�8), corresponding well to the estimated 70% bleach, and 0.71�0.07 (60 min, n�4) and
0.44�0.06 (180 min, n�4). These values were subjected to one-way ANOVA. The p value for one-way ANOVA was 1.7�10 �6, and the p value for Tukey’s HSD was p�0.002 for both 180 versus 0 min and
180 versus 60 min. F, Retinae were incubated with Ames medium (without added lactate) under 20% O2/5% CO2/75% N2 and subjected to bleach and dark incubation as described in E. The fractions of
phosphorylated rhodopsin were 0.72� 0.04 (0 min, n � 8) and 0.73 � 0.02 (n � 4) for 60 min and 0.64 � 0.05 (n � 4) for 180 min. The one-way ANOVA showed a p value of 0.0049. This was followed by
Tukey’s HSD test, which showed a significant difference between 180 versus 0 min and 180 versus 60 min ( p � 0.01 for both comparisons).
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and that illustrated by spectrum 6 made after a �99% bleach.
Thus, the experiments in Figure 4 illustrate that we were able
to bleach retinae with high precision and then fully regenerate
the visual pigment by incubating the retina in a solution con-
taining 11-cis-retinal, whether this was performed in the light-
tight incubation container or on the stage of the MSP.
Furthermore, this spectrophotometric data, together with the
IEF data illustrated in Figure 2, demonstrate that dephosphor-
ylation is not required for pigment regeneration. This obser-
vation is consistent with a recent report using carp
photoreceptors (Yamaoka et al., 2015). It is noteworthy that
the spectrum of phosphorylated rhodopsin is very similar to
that of native rhodopsin. This is indicated by comparisons of
the MSP traces in Figure 4, A and B, with the cyan solid curve
calculated for an ideal solution of rhodopsin (Govardovskii et
al., 2000).

In addition to spectral measurements of phosphorylated rho-
dopsin, we also compared the molecular photosensitivity of
rhodopsin in rods outer segments containing 100% unphos-
phorylated rhodopsin and 90% P-rhodopsin with MSP. This
was done by exposing the retina to a light intensity, I, for
different times, t. The fractional bleaching of pigment, F, after
each exposure was then measured microspectrophotometri-
cally. The photosensitivity, P, was calculated from Equation 1.
We measured photosensitivities of (6.0 � 1.3) � 10 �9 �m2 for
dark-adapted retinas containing 100% unphosphorylated
rhodopsin and (6.7 � 1.2) � 10 �9 �m2 for retinas containing
90% P-rhodopsin. These values were statistically indistin-
guishable from one another (t test, t � 0.73, p � 0.49) and very
similar to the photosensitivity that has been reported previ-

ously for rhodopsin of 5.7 � 10 �9 �m2 (Woodruff et al., 2004;
Nymark et al., 2012).

Whole-retina ERG measurement of flash sensitivity and
response kinetics during dark adaptation
We then determined how dark adaptation is affected when
rhodopsin dephosphorylation is inhibited. Here, we used
whole-retina ERG recording of GNAT2�/� retinae. These re-
cordings were obtained from isolated retinae in the presence
of AP-4 to block synaptic transmission from rod to rod bipolar
cell as well as Ba 2
 to block Müller cell activity (see Materials
and Methods). Thus, the GNAT2 strain allows flash sensitivity
of the whole population of rods to be evaluated under condi-
tions that were identical to those under which IEF and MSP
experiments were performed. Figure 5A (left to right) shows
response families from trans-retinal ERGs measured under
dark-adapted conditions (Fig. 5A, left), 60 min after a 50%
bleach and incubation in Ames solution (Fig. 5A, middle) and
after 3 h incubation in Ames solution containing 11-cis-retinal
(Fig. 5A, right). These measurements were made from a subset
of retinae that were processed subsequently for IEF analysis,
the results of which are illustrated in Figure 2C. The responses
in the family illustrated in the middle panel are accelerated
compared with dark-adapted responses (Fig. 5B, inset) and
show smaller peak amplitudes, consistent with persistent op-
sin adaptation (Cornwall et al., 1990; Cornwall and Fain,
1994). After incubation for 3 h with 11-cis-retinal in darkness,
families displayed a virtually complete return to dark-adapted
kinetics, although overall response amplitude was somewhat
smaller. Average response/intensity relationships measured in
retinae treated in this way are illustrated in Figure 5B. Here we
have plotted average response amplitude as a function of flash
intensity for retinae that are dark adapted (circles), bleached
50% (triangles), bleached 50% and incubated in 11-cis-retinal
for 3 h (squares). Exponential saturation functions are fitted
to the data (for details, see figure legend). On average, after
bleaching, we observed a shift of the response/intensity func-
tion to higher intensity (�1.3 log units) compared with pre-
bleach conditions, and response amplitude was reduced
approximately by half. Over the 3 h of incubation in 11-cis-
retinal solution, response amplitude and sensitivity steadily
increased until, at 3 h, response amplitude and sensitivity were
almost completely recovered and response kinetics were indis-
tinguishably different from dark adapted. This is also illus-
trated in the inset of Figure 5B, in which average dark-adapted
dim flash responses (black trace, 158 ms time-to-peak) are
compared with those measured �60 min after a 50% bleach
(pink trace, 72 ms time-to-peak) and the following 3 h of
incubation in 11-cis-retinal solution (blue trace, 166 ms
time-to-peak). This recovery of sensitivity and return to dark-
adapted response kinetics in bleached and regenerated iso-
lated retinae suggests that, aside from blockage of rhodopsin
dephosphorylation, the physiology of the rods is not signifi-
cantly altered by our experimental conditions.

Light stimulates rhodopsin phosphorylation and transdu-
cin translocation from the outer segment to the inner com-
partments (Whelan and McGinnis, 1988; Sokolov et al., 2002).
In addition to rhodopsin phosphorylation, local depletion of
transducin concentration is also known to reduce the activity
of rhodopsin (Sokolov et al., 2002; Mao et al., 2013). However,
a greater than twofold reduction is required to observe a
change in sensitivity because little change was observed in
mice heterozygous for rod transductin, GNAT1
/� (Calvert et

Figure 4. MSP absorbance spectra of bleached and regenerated WT (C57BL/6) retinae. A,
Absorbance spectrum of a retina that had been bleached 50% (trace 1, blue), then treated with
11-cis-retinal on the stage of the MSP for 40 min (trace 2, black), and finally after exhaustive
bleach (trace 3, pink). The cyan trace is a normalized rhodopsin template (Govardovskii et al.,
2000) calculated at �max � 503 nm, OD� � 0.47. B, Trace 4 (green) shows an absorbance
spectrum of a retina that had been bleached 50% and incubated for 3 h with 10 �M 11-cis-
retinal in darkness in a light-tight incubation container. Trace 5 (black) shows an absorbance
spectrum of the same preparation after 40 min additional exposure to solution containing 10
�M 11-cis-retinal on the stage of the MSP. Trace 6 (pink) shows absorbance spectrum after an
exhaustive bleach (�99%). The cyan trace is a fitted rhodopsin template (�max � 503 nm,
OD� � 0.50).
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al., 2000). In contrast, Arr1 moves in the opposite direction in
response to light (Whelan and McGinnis, 1988; Nair et al.,
2005; Strissel et al., 2006), although an increase in Arr1 con-
centration does not appear to affect transduction gain (Song et
al., 2011). To determine the amount of transducin in the outer
segment under our experimental conditions, we isolated outer
segments from retinae in the dark or after 90% bleach, fol-
lowed by reconstitution with 11-cis-retinal. Determinations
were made after 30, 180, or 240 min of dark incubation by
Western blots to visualize the amount of rod transducin �
(Gt�) in the outer segment. G�5L (Keresztes et al., 2004), a
component of the transducin GAP complex, is anchored to the
outer segment compartment by R9AP (Cao et al., 2010) and
was used as a loading control (Moaven et al., 2013). Con-
versely, G�5S is an isoform produced from alternative splicing
of the same gene. It is present in the inner segment compart-
ments and inner retinal neurons and serves as a quality control
for contaminants (Watson et al., 1996). Under our experimen-
tal conditions, light exposure caused the level of �-subunit of
GNAT1 (Gt�) to fall and Arr1 to rise in the outer segment (Fig.
5C), similar to previous reports. Quantification of the signals

from Gt� normalized to that of G�5L shows that the amount
of Gt� has returned to the outer segment similar to the dark-
adapted level by 180 min (0.9 � 0.2, mean � SD, n � 4; in
which the dark-adapted value is 1.0) and is maintained at that
level thereafter. We conclude that sensitivity differences de-
tected under the steady-state experimental conditions that we
used in whole-retinal ERG experiments described above and
single-cell measurements of sensitivity (see below) can be at-
tributed to rhodopsin phosphorylation but not transducin
concentration in the outer segment.

Single-cell measurements of sensitivity and flash
response kinetics
From the ERG data presented in Figure 5, it appears that ret-
inae that have undergone a 50% bleach and subsequent rho-
dopsin regeneration contain half their total rhodopsin in the
phosphorylated state. To know more of the state of sensitivity
and response kinetics under conditions of persistent phos-
phorylation, we conducted single-cell suction electrode exper-
iments. Figure 6A shows response families from such current
recordings of rod flash responses in different cells under four

Figure 5. Trans-retinal ERGs demonstrating the recovery of flash sensitivity in GNAT2�/� mouse rods having persistent rhodopsin phosphorylation. A, Response family of isolated a-waves from
a dark-adapted retina (left), from a retina that was bleached 50% and incubated in darkness for 60 min (middle), and from a retina that was bleached (50%) and incubated in darkness for 180 min
in 10 �M 11-cis-retinal (right). B, Intensity–response relations that plot maximum a-wave amplitude versus time under the above conditions. Each relation is fitted with exponential saturation
function: V � Vmax(1 � exp(�I/	)), where V is the voltage amplitude, Vmax is the voltage amplitude of the saturated response, I is light intensity, and 	 is a sensitivity fitting parameter. Data were
recorded from dark-adapted retinae (black circles, n � 8, Vmax � 324 �V, 	 � 94 h
 �m �2), 50% bleached retinas (pink triangles, n � 6, Vmax � 144 �V, 	 � 1860 h
 �m �2), and retinae
that had been bleached 50% and incubated for 3 h (blue squares, n � 7, Vmax � 297 �V, 	 � 102 h
 �m �2). The recordings were made at 35–37°C. Error bars are �SEM. The inset shows
normalized dim flash responses from a dark-adapted retina (black trace), a 50% bleached retina (pink trace), and a retina that had been bleached 50% and incubated with 10 �M 11-cis-retinal in
darkness for 3 h (blue trace). C, Western blots showing transducin translocation. Retinae were either dark adapted or bleached 90% and then incubated in Ames medium containing 11-cis-retinal
in darkness as indicated above the lanes. Retinae were frozen, and the ROSs were isolated from the remaining retina. Antibodies were used to visualize the amount of rod transducin (Gt�) in the
outer segment. G�5L was used as a loading control. G�5S serves as a quality control for contaminants. A sample of whole-retinal homogenate was carried as control. Signal intensities were
quantified using NIH ImageJ software, and the values for Gt� were normalized against that of G�5L. The normalized values for Gt�, when compared with the dark-adapted value (set to 1.0) for 30
min was 0.6 � 0.1 and for 240 min was 0.9 � 0.2 (mean � SD, n � 3).
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different conditions. From left to right, these include the fol-
lowing: (1) dark adapted; (2) bleached by 50% and incubated
�90 min in darkness; (3) bleached by 50% and incubated in
darkness with exogenous 11-cis-retinal for 4 h; and (4)
bleached by 90% and incubated in darkness with 11-cis-retinal
for 4 h. We were unable to observe any significant differences
in the time course of dark-adapted flash responses measured
before bleach compared with those measured after bleach
by either 50 or 90%, followed by incubation with 11-cis-retinal
(Fig. 7). Figure 6B plots average response/intensity funct-
ions measured under the different conditions in Figure 6A.
The response/intensity relation of dark-adapted rods (0%
P-rhodopsin) are represented by black circles, that from
bleach-adapted rods in the steady state after the 50% bleach
(no 11-cis-retinal treatment) are represented by pink trian-
gles, that from rods that had been bleached 50% and incubated
for 4 h with 11-cis-retinal (50% P-rhodopsin) are represented
by blue squares, and that from rods that had been bleac-
hed 90% and incubated for 4 h with 11-cis-retinal (90%
P-rhodopsin) are represented by orange diamonds. In each
case, the data were fitted by exponential saturation functions
as in Figure 5 (for details, see legend). It is apparent that the
magnitude of the dark current is approximately the same after
bleaching and regeneration in all three states, independent of
the extent of rhodopsin phosphorylation. Thus, there is no
evidence of steady-state activation of transducin by phosphor-
ylated rhodopsin, as is the case when excess free opsin is pres-

ent under bleach-adapted conditions (Cornwall and Fain,
1994). Moreover, although the intensity response curve and
flash sensitivities of the 50% P-rhodopsin state (S50% � 0.33 �
0.04 pA/hv) are indistinguishable from the 0% P-rhodopsin
dark-adapted state (SDA � 0.33 � 0.03 pA/hv), a small but
significant shift (less sensitive) can be detected in the 90%
P-rhodopsin rods (S90% � 0.24 � 0.05 pA/hv). This shift rep-
resents an average desensitization of �33%.

SQRs resulting from light activation of
phosphorylated rhodopsin
To explore further the mechanism of the desensitization caused
by persistent phosphorylation of rhodopsin after high bleaches,
we recorded responses to a large number of dim flashes and cal-
culated the SQR (see Materials and Methods). Plotted in Figure 7
are superimposed SQRs recorded from dark-adapted rods (top
row), rods containing 50% P-rhodopsin (middle row), and rods
containing 90% P-rhodopsin (bottom row). The insets in the
panels show the average � SEM waveforms of the recorded SQRs.
It is evident from the traces in Figure 7 and the average data
presented in Table 2 that the SQR amplitudes in rods containing
P-rhodopsin are smaller than those of the dark-adapted rods
containing exclusively unphosphorylated rhodopsin. Moreover,
the averaged data presented in Table 2 demonstrate that the re-
sponse kinetics of SQRs in all three conditions are similar. These
data show that, although there is a significant reduction of SQR
amplitude caused by the phosphorylation of rhodopsin, the

Figure 6. Suction electrode recordings demonstrating the flash sensitivity recovery in bleached mouse rods that have persistent rhodopsin phosphorylation. A, Response families from a
dark-adapted rod (left), from a 50% bleached rod that was incubated in darkness for 90 min (middle left), from a rod that was bleached 50% and incubated with 10 �M 11-cis-retinal in darkness for
3 h (middle right), and from a rod that was bleached 90% and incubated with 10 �M 11-cis-retinal in darkness for 3 h (right). B, Average response–intensity relations recorded from dark-adapted
rods (black circles, n � 8), rods that had been bleached 50% and incubated in darkness for 90 min (pink triangles, n � 4), rods that had been bleached 50% and incubated with 10 �M 11-cis-retinal
in darkness for 3 h (50% P-rhodopsin, blue squares, n � 10), and rods that had been bleached 90% and incubated with 10 �M 11-cis-retinal in darkness for 3 h (90% P-rhodopsin, orange diamonds,
n � 10). Exponential saturation functions: i � imax(1 � exp(�I/	)) are fitted to data, where i is the peak photocurrent, imax is the peak photocurrent of a saturating flash response, I is intensity,
and 	 is a sensitivity fitting parameter. Dark-adapted, black line, imax � 12.9 � 0.7 pA, 	 � 73.8 � 12.6 h
 �m �2; 50% P-rhodopsin, blue line, imax � 13.8 � 0.7 pA, 	 � 81.5 � 13.1 h

�m �2; 90% P-rhodopsin, orange line, imax � 12.8 � 0.8 pA, 	 � 111.0 � 22.7 h
 �m �2. The recordings were made at 35–37°C. Error bars are �SEM.
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fractions of the incident photons that lead to a response in each
case are statistically indistinguishable. The same is true for the
response kinetics. The mean time-to-peak, as well as the time
constant of deactivation of the response, 	rec, are statistically in-
distinguishable in cells containing 0, 50, or 90% P-rhodopsin.
Moreover, we calculated the activation constant, A, of the aver-

aged SQRs, by fitting Equation 5 (see
Materials and Methods), a phototrans-
duction activation model (Pugh and
Lamb, 1993). We obtained activation val-
ues for the different treatments of A0%

P-rhodopsin � 4.1 s�2, A50% P-rhodop-
sin � 3.3 s�2, and A90% P-rhodopsin �
2.9 s�2 (Fig. 8A, inset). This calculation
demonstrates a lower level of activation
of phototransduction by photoactivated
phosphorylated rhodopsin compared with
unphosphorylated rhodopsin.

To facilitate comparison of the wave-
forms under the three conditions, we have
selected one representative recording in
each condition for additional analysis.
These recordings are indicated by the red
traces in respective rows in Figure 7. The
differences in SQR amplitudes are shown
in Figure 8A, with the representative SQR
from each condition plotted together.
Here, it is clear that the SQR amplitude
decreases when rhodopsin is phosphory-
lated before activation. These traces are
normalized in Figure 8B. Also included in
Figure 8B is a normalized average dim
flash response from a rod bleached by
50% (pink) in which the rhodopsin was
not regenerated. As expected, this trace
has a significantly more rapid time course
because of opsin adaptation (Cornwall
and Fain, 1994; Nymark et al., 2012).

The data presented in Figures 7 and 8
and the data in Table 2 indicate that,
whereas SQR arising from phosphorylated
rhodopsin has a decreased amplitude, the
response time course appeared similar
between SQR generated from unpho-
sphorylated rhodopsin (0% P-rhodopsin)
and phosphorylated rhodopsins (50%
P-rhodopsin and 90% P-rhodopsin; Fig. 7).
An analysis of response variability failed to
show differences between the three groups
of responses. Notably, Doan et al. (2006)
have shown previously that each phosphor-
ylated site provides an independent step
in rhodopsin deactivation that collectively
confer reproducibility of the SQR of the rod
by genetically eliminating phosphorylatable
sites on rhodopsin (Doan et al., 2006;
Azevedo et al., 2015). Our experiment is op-
posite to their approach; we eliminated no
phosphorylatable sites but rather prephos-
phorylated them, and our analysis did not
reveal this variation in SQR reproducibility.
However, we must exercise caution in the
interpretation of these data. Proper estima-

tions of response variability (coefficient of variation) require record-
ing with very low drift, cellular noise exceeding instrumental noise
by at least twofold, and the ability to resolve all single-photon re-
sponses, noting that much of the variance arises from responses at
the tails of the amplitude distribution. Although the issues noted
above restricted an in-depth noise analysis, we observed that the

Figure 7. SQRs recorded from WT rods containing rhodopsin (top), 50% phosphorylated rhodopsin (middle), and 90% phos-
phorylated rhodopsin (bottom). The red traces show representative SQRs that are shown in Figure 8. Insets, Mean waveform of all
SQRs presented in each panel � SEM. All recordings were made at 35–37°C.
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averaged SQR was able to accurately reflect the kinetics and ampli-
tudes of individual SQRs under different conditions of rhodopsin
phosphorylation (Fig. 8).

Discussion
Effects of P-rhodopsin on visual sensitivity
The central findings of our work are that mouse rods exposed to
bright light in the presence of 11-cis-retinal contain a significant
fraction of their rhodopsin in a phosphorylated form that is spec-
trally identical to ground state rhodopsin, and its light activation
results in physiological responses with reduced amplitudes but
with kinetics similar to the dark-adapted state. A model that in-
corporates these results on the phototransduction cascade is
shown in Figure 9. The box in Figure 9 shows that unphosphor-
ylated rhodopsin (R) and phosphorylated rhodopsin (R-P) coex-
ist and give rise to different response amplitudes. After light
activation, unphosphorylated rhodopsin forms R� [metarhodop-
sin II (MII)], which maximally activates the G-protein transdu-
cin. The extent of transducin activation (G) is indicated by the
bold arrows. MII is rapidly phosphorylated within tens of milli-
seconds to form MII-P, which triggers high-affinity Arr1 binding

to form MII-P � Arr1 in which the catalytic activity of rhodopsin
is quenched fully. All-trans retinal is then gradually released from
MII-P � Arr1, leaving phosphorylated opsin, which has dimin-
ished affinity for Arr1. Because large amounts of MII-P � Arr1
accumulate under bright light exposure and because the dephos-
phorylation reaction for P-opsin is slow in vivo, high levels of
P-rhodopsin are formed upon reconstitution of P-opsin with
11-cis-retinal (Lee et al., 2010). Furthermore, light-activated
P-rhodopsin has diminished ability to activate transducin (one
bold arrow).

An important manifestation of the ability of P-rhodopsin to
activate transducin is a diminished amplitude of the SQR. Previ-
ous investigations of the nature and kinetics of SQRs were con-
ducted on fully dark-adapted rods and therefore reflect the
activity of R� produced from rhodopsin in its unphosphorylated
form. To our knowledge, our study is the first to characterize
SQRs arising from P-rhodopsin regenerated during exposure to
exogenous 11-cis-retinal. Our comparison of SQRs from rhodop-
sin and P-rhodopsin show that the phototransduction gain de-
creased as the concentration of P-rhodopsin increased. We
extrapolate from our data that the gain reduction would be
�50% for P-rhodopsin, a value similar to that observed in the
Arr1�/� rods in which the catalytic activity of P-rhodopsin was
also �50% of the peak value (Xu et al., 1997). This result is
consistent with biochemical studies showing a decrease in the
efficiency of transducin activation by photolyzed P-rhodopsin
(Miller et al., 1986; Wilden et al., 1986; Bennett and Sitaramayya,
1988; Wilden, 1995), a point further supported by our calcula-
tions of the amplification constants. Although the IEF data show
that the P-rhodopsin is a heterogeneous population comprising
rhodopsin that has one to six phosphates attached, it has been
shown previously that one or two attached phosphates is suffi-
cient to reduce phototransduction gain by half (Mendez et al.,
2000). Although this reduction in sensitivity may seem to be
relatively minor compared with the sensitivity loss produced by
bleaching, a more serious consequence is expected for the final
phases of dark adaptation toward absolute visual threshold. Here
the size of the SQR has important implications. The detection of
SQRs by rod bipolar cells, the primary synaptic output of rod
photoreceptors in the mammalian retina (Dacheux and Raviola,
1986), requires passage of responses through a nonlinear synaptic
threshold at the rod-to-rod bipolar synapse. (Field and Rieke,
2002). Under fully dark-adapted conditions, synaptic saturation
renders the rod bipolar current insensitive to small changes in
transmitter release from the rod. This mechanism serves to im-
prove visual sensitivity by rejecting the noise arising from rods
that did not absorb photons. Thus, for SQRs to be transmitted
faithfully to rod bipolar cells, their size must be sufficiently large
to relieve saturation at rod-to-rod bipolar cell synapses (Sampath
and Rieke, 2004). This nonlinearity in signal transfer is likely to
filter out small SQRs arising from P-R� and thereby reduce sen-
sitivity at visual threshold during dark adaptation. This is impor-
tant because, in the lowest four orders of magnitude in the visual
range (from one photon capture per 10,000 rods to one photon
capture per rod), scotopic vision depends exclusively on the de-
tection of individual photons.

Effects of P-rhodopsin on Arr1 binding
In rods, stepwise rhodopsin deactivation occurs as follows: (1)
GRK1 binding to MII; (2) Arr1 competition with GRK1 binding;
(3) GRK1 catalyzed phosphate attachment to form MII-P; (4)
Arr1 activation; and (5) Arr1 binding to MII-P, which fully
quenches the catalytic activity of rhodopsin (Fig. 9). All steps

Table 2. SQR properties from suction cell recordings of single mouse rods

Amplitude (pA) R*a Time-to-peak (s) 	rec (s)b

Rhodopsin 1.50 � 0.11 1.07 � 0.14 0.26 � 0.02 0.37 � 0.05
50% P-rhodopsin 1.02 � 0.14 1.27 � 0.19 0.27 � 0.03 0.35 � 0.05
90% P-rhodopsin 0.81 � 0.09 0.87 � 0.09 0.25 � 0.03 0.40 � 0.06
ANOVA c F � 7.48* F � 0.82 (NS) F � 0.18 (NS) F � 0.19 (NS)

SQRs were recorded in dark-adapted retinae containing rhodopsin (n � 8), 50% phosphorhodopsin (n � 9), and
90% phosphorhodopsin (n � 6). Values are mean � SEM.
aR*was calculated according to Equation 3. The incident light was 3.56 � 10 2 photons �m �2 s �1 in all treatments.
b	rec was calculated by fitting an exponential decay function to the falling phase of the response.
cOne-way ANOVA with a Tukey’s test for means comparison.

* Indicates significance at the 5% level between rhoopsin and 50% P-rhopsin, as well as between rhodopsin and
90% P-rhodopsin. NS, Not significant.

Figure 8. Average SQR recorded from WT rods containing rhodopsin and phosphorylated
rhodopsin. A, Representative SQRs from a rod containing rhodopsin (black), 50% phosphory-
lated rhodopsin (blue), and 90% phosphorylated rhodopsin (orange). Inset, Averaged,
smoothed, and normalized SQRs fitted with an activation model (Pugh and Lamb, 1993). For
details, see text. B, Normalized SQRs from A. Also shown is a normalized average dim flash
response from a 50% bleached rod (pink). The recordings were made at 35–37°C.
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contribute to shape the kinetics and variability of the SQR (Doan
et al., 2006, 2009). Arr1 exists in a basal state that transitions into
a binding-competent conformation by encounters with MII-P
(Gurevich et al., 2011). Arr1 in the basal state competes with
GRK1 and slows MII deactivation (Doan et al., 2009). As GRK1
sequentially adds phosphates onto MII, interaction of MII-P with
Arr1 may be favored over GRK1. By comparing SQRs generated
by rhodopsin and P-rhodopsin, we have the unique opportunity
to investigate whether GRK1 catalyzed MII phosphorylation, or
Arr1 activation and binding to MII-P, is rate limiting in MII
deactivation. If MII-P has a significantly higher affinity to Arr1,
then SQRs generated by P-rhodopsin should deactivate faster
when compared with SQRs generated from R�, which still re-
quires additional steps of phosphate attachment by GRK1. Con-
versely, if Arr1 activation is rate limiting, then the rate of recovery
should remain the same. We observed that SQRs generated from
rhodopsin and P-rhodopsin display similar response kinetics.
This similarity suggests that the affinity of Arr1 to MII is insensi-
tive to phosphate attachment and that Arr1 activation is a slow
step in quenching the catalytic activity of MII-P.

A recent study of Arr1 interaction with different functional
forms of rhodopsin using solution nuclear magnetic resonance
spectroscopy shows that the affinity of Arr1 for P-rhodopsin was
sufficiently high such that active monomeric Arr1 in the outer
segment is predicted to bind P-rhodopsin in the intact rod
(Zhuang et al., 2013). However, our observation that the effi-
ciency of SQR generation by P-rhodopsin is virtually identical to

that of ground-state SQRs indicates that
Arr1 is not bound to P-rhodopsin in a
manner that prevents photolyzed
P-rhodopsin from generating a light
response.

Phosphorylated rhodopsin, the visual
cycle, and dark adaptation
The visual cycle is defined as the ensemble
of biochemical reactions that reside in the
neural retina and the RPE whereby visual
pigment, once bleached, is returned to its
fully functional ground state containing
11-cis-retinal. Because rhodopsin cannot
be defined as being in its ground state un-
til it has been fully dephosphorylated, we
argue that the dephosphorylation of rho-
dopsin is a critical step in the visual cycle
(Lee et al., 2010).

Vertebrate rods have the ability to un-
dergo huge changes in their sensitivity in
response to differences in background
and bleaching light intensity. This endows
them with the ability to respond over a
range of three to four orders of magnitude
of light intensities. The cellular mecha-
nisms that have been identified within
rods that are responsible for these ch-
anges include the following: (1) the
transduction-driven decrease of cytosolic
calcium concentration that, in turn, mod-
ulates the activities of cGMP phosphodi-
esterase, guanylyl cyclase, and recoverin
within rod outer segments; (2) the pro-
longed lifetime of photoproducts of rho-
dopsin bleaching that result in persistent

activation of the transduction cascade; (3) bleaching of rhodop-
sin that by virtue of its decreased concentration within the outer
segment reduces quantum catch; and (4) the translocation of
transducin from the outer to the inner segment of rods leading
to decreased transducin activation by R�. Our results, which
show that high levels of P-rhodopsin can persists within rod
outer segments for many minutes after bright light exposure
and that its photoactivation activates transducin with dimin-
ished efficiency suggest that this mechanism of adaptation be
added to the above list. Except at the highest levels of rhodop-
sin phosphorylation, this sensitivity reduction is modest, but
it is predicted to have its most significant effects near visual
threshold.

Why is rhodopsin dephosphorylation blunted in isolated
mammalian retina?
Our observation that isolation of the retina from the mouse
eye results in substantial inhibition of rhodopsin dephosphor-
ylation is novel and surprising. Importantly, biochemical and
electrophysiological measurements of isolated retina and sol-
itary photoreceptor cells under the same conditions we de-
scribe here have been routine for �40 years. Thus, our
documentation emphasizes that isolation of the retina from
the intact animal may have important implications for these
studies. Furthermore, we demonstrate that low oxygen ten-
sion in the superfusion medium and/or the presence of lactate
both promote dephosphorylation. These latter results clearly

Figure 9. A model illustrating the effects of R-P on the phototransduction cascade. When stimulated by light, activated
rhodopsin (R� or MII) interacts with the G-protein transducin (G) to initiate phototransduction (indicated by 2 bold arrows).
Rhodopsin kinase (GRK1) quickly phosphorylates R� to form MII-P in a process that reduces its capacity to activate transducin (as
indicated with only 1 bold arrow). Shortly thereafter, the catalytic activity of the MII-P is terminated through binding with Arr1 to
form MII-P � Arr1. After this step, phospho-opsin (Op-P � Arr1) is hydrolyzed from all-trans retinal, which is recycled in the RPE (data
not shown). The dashed arrow indicates that opsin itself has very low transduction activity. Pigment regeneration occurs when
phospho-opsin (Op-P) recombines with 11-cis-retinal (supplied from the RPE) to form phospho-rhodopsin (R–P). Phospho-
rhodopsin can either be slowly dephosphorylated by rhodopsin phosphatase or reactivated by light. The latter outcome results in
diminished activation of transducin (G).
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suggest the involvement of metabolic mechanisms in the reg-
ulation of rhodopsin dephosphorylation but provide no in-
sights into specific mechanisms.
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