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Disorders of the Nervous System

Investigating the Role of Rhodopsin F45LMutation
in Mouse Rod Photoreceptor Signaling and Survival
Deepak Poria,1 Alexander V. Kolesnikov,1 Tae Jun Lee,5 David Salom,1 Krzysztof Palczewski,1,2,3,4 and
Vladimir J. Kefalov1,3

https://doi.org/10.1523/ENEURO.0330-22.2023

1Department of Ophthalmology, Gavin Herbert Eye Institute, University of California, Irvine, CA 92697, 2Department of
Chemistry, University of California, Irvine, CA 92697, 3Department of Physiology and Biophysics, University of
California, Irvine, CA 92697, 4Department of Molecular Biology and Biochemistry, University of California, Irvine, CA
92697, and 5Department of Ophthalmology and Visual Sciences, Washington University School of Medicine, Saint
Louis, MO 63110

Abstract

Rhodopsin is the critical receptor molecule which enables vertebrate rod photoreceptor cells to detect a single
photon of light and initiate a cascade of molecular events leading to visual perception. Recently, it has been
suggested that the F45L mutation in the transmembrane helix of rhodopsin disrupts its dimerization in vitro.
To determine whether this mutation of rhodopsin affects its signaling properties in vivo, we generated knock-
in mice expressing the rhodopsin F45L mutant. We then examined the function of rods in the mutant mice ver-
sus wild-type controls, using in vivo electroretinography and transretinal and single cell suction recordings,
combined with morphologic analysis and spectrophotometry. Although we did not evaluate the effect of the
F45L mutation on the state of dimerization of the rhodopsin in vivo, our results revealed that F45L-mutant
mice exhibit normal retinal morphology, normal rod responses as measured both in vivo and ex vivo, and nor-
mal rod dark adaptation. We conclude that the F45L mutation does not affect the signaling properties of rho-
dopsin in its natural setting.

Key words: electroretinogram; phototransduction; retinal degeneration; rhodopsin; rods

Significance Statement

Absorption of a photon by the visual chromophore produces conformational changes in rhodopsin to open
up a transducin-binding pocket and initiate the downstream signaling. The most abundantly expressed
form of rhodopsin is its dimeric configuration, which is disrupted in vitro by the F45L mutation. Here, we
show that mouse rods expressing mutant F45L rhodopsin exhibit no changes in sensitivity, response ki-
netics, or chromophore reconstitution compared with the rods of mice expressing wild-type rhodopsin. Our
findings indicate that the F45L mutation does not affect the functional properties of the visual pigment rho-
dopsin. Future studies will be required to determine how the F45L mutation affects rhodopsin dimerization
in the intact rod photoreceptors.

Introduction
The visual pigment rhodopsin, a prototype G-protein-

coupled receptor (GPCR; Palczewski, 2006), mediates
probably the most sensitive sensory transduction, the de-
tection of a single photon of light by the visual system

(Baylor et al., 1979; Rieke, 2000). This high sensitivity is
made possible by the substantial amplification of the rod
transduction cascade following photoactivation of the rho-
dopsin chromophore (Pugh and Lamb, 1993; Arshavsky and
Burns, 2014; Yue et al., 2019). It has been established that
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even a single rhodopsin molecule (Fig. 1A) expressed in vitro
can initiate downstream intracellular signaling (Ernst et al.,
2007; Whorton et al., 2007, 2008; Tsukamoto et al., 2010).
These findings indicate that rhodopsin can function as a
monomeric unit. However, in vitro purification studies
have shown that rhodopsin forms oligomers, among
which dimers are the most prevalent (Fig. 1B; Sung et al.,
1991b; Fotiadis et al., 2006; Jastrzebska et al., 2006; Park
et al., 2008). Moreover, when expressed abundantly, the
recombinant rhodopsin exists as a dimer in cultured cells
as well (Sung et al., 1991b; Kota et al., 2006). A recent
study of the morphologic structure of the disk surface of
the rod outer segment showed that rhodopsin molecules
organize as rows of dimers on the disk membrane (Zhao
et al., 2019). However, several mutations of the rhodopsin
molecule, F45L, V209M, and F220C, have been shown to
disrupt the dimerization of the protein in vitro (Sung et al.,
1991b; Kaushal and Khorana, 1994; Ploier et al., 2016).
One of these studies (Kaushal and Khorana, 1994) reported
the binding affinity of monomeric rhodopsin for transducin to
be compromised. These rhodopsin mutations have been de-
tected in patients with retinal degenerative disease and previ-
ously were interpreted to be associated with the disease
phenotype (Sung et al., 1991a; Berson et al., 2002). However,
recent evidence ruled out a role for either the F45L or F220C
mutations in retinal degeneration (Vincent et al., 2013; Lewis
et al., 2020).
Studies with mutant F45L rhodopsin have shown that

this rod visual pigment can translocate and incorporate
successfully into the cell membrane and rod outer

segments (Ploier et al., 2016). Specific sites in the trans-
membrane domains of the rhodopsin partner molecules
have been speculated to interact within the dimers
through various states of activation of the receptor (Fig.
1C; Salom et al., 2006; Scheerer et al., 2008; Cordomi
and Perez, 2009; Choe et al., 2011). Additionally, the indi-
vidual rhodopsin subunits distinctly rearrange within a
dimer complex as compared with the single molecular
state (Cordomi and Perez, 2009). These structural modifi-
cations present possibilities for alterations in target bind-
ing sites, potentially triggering allosteric mechanisms that
could be involved in modulation of the rhodopsin activity.
Rhodopsin is the protypical member of GPCR subfam-

ily A, among which negative allosteric interactions be-
tween homomeric partners have been shown previously
(Springael et al., 2005; Urizar et al., 2005; Rivero-Muller
et al., 2010). However, potential allosteric interactions
within rhodopsin dimers and their effect on visual per-
ception remain uncharacterized.
In this study, we sought to investigate the role of the

F45 rhodopsin residue in rhodopsin signaling by study-
ing the light response sensitivity, kinetics, and survival of
rods in mice carrying the RhoF45L knock-in mutation. In
the process of preparing this manuscript, another group
published a study on an unrelated F45L mutant mouse
line that reported some findings similar to ours (Lewis et
al., 2020).

Materials and Methods
Animals
The RhoF45L KImutant mice were generated commer-

cially (Ingenious Targeting Laboratory) on a C57Bl/6
background. The codon substitution TTC.CTC at po-
sition 45 was confirmed by sequencing. The animals
were maintained in a 12 h/12 h light/dark cycle at all
times. Both male and female animals of threemonths of
age were used in the experiments, unless age is speci-
fied otherwise.

Electrophysiology
For physiology experiments, all animals were dark-adapted

overnight before the day of the experiment. For in vivo ERG
recordings, the animals were anaesthetized using a cocktail

Figure 1. The RhoF45L knock-in mutation. A 2D cartoon of mouse rhodopsin showing the mutation site at amino acid position 45 in
the transmembrane helix I, where phenylalanine is replaced by leucine in the RhoF45L KI mice (A). Side (B) and axial (C) views of the
3D structure of bovine rhodopsin’s dimer as determined by cryo-electron microscopy (PDB ID 6OFJ), highlighting the position of
F45.
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of ketamine (100mg/kg) and xylazine (4mg/kg). Pupils were
dilated with a drop of 1% atropine sulfate. The mouse body
temperature was maintained at 37°C with a heating pad con-
nected to a controller. Full-field ERG responses to calibrated
green (530nm) LED light were recorded from both eyes by
contact corneal electrodes held in place by a drop of Gonak

solution (Akorn). ERGs were recorded using a clinical ERG
setup (LKC Technologies; Model UBA-4200c) adapted for
mice.
Rod ERG a-wave fractional flash sensitivity (Sf) was cal-

culated from the linear part of the intensity-response
curve, as follows:

Figure 2. Effect of the RhoF45L knock-in mutation on photoreceptor morphology. Representative images from retinas of three-, six-,
and nine-month-old wild-type mice (A–C, respectively), and age-matched RhoF45L KI mice (D–F, respectively). Quantitative spider
plots of ONL thickness as a function of distance from the optic nerve disk from wild-type mice (black; n=4 each), and from RhoF45L

KI mice (red; n=5, 4, 5) measured at three-, six-, and nine-month time points (G–I, respectively). Quantitative spider plots of the
number of photoreceptor nuclei per column in the ONL as a function of distance from the optic nerve disk from wild-type mice
(black; n=4 each), and from RhoF45L KI mice (red; n=5, 4, 5) measured at three-, six-, and nine-month time points (J–L, respec-
tively). Error bars indicate SEM; *p,0.05.
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Sf ¼ R
Rmax � I ;

where R is the amplitude of the rod a-wave dim flash re-
sponse, Rmax is the maximum amplitude of the rod a-
wave response for that eye (determined at 23.5 cd·s m�2),
and I is the flash strength. The sensitivity of rods was
first determined in the dark. To monitor the postbleach
recovery of Rmax and Sf, more than 90% of rhodopsin
was bleached with a 35-s exposure to 520-nm LED light
focused at the surface of the cornea. The bleached pig-
ment fraction was calculated with the following equation:

F ¼ 1� eð�I�P�tÞ;

where F is the fraction of rhodopsin bleached, t is the du-
ration of the light exposure (s), I is the bleaching light inten-
sity of 520-nm LED light (1.3 � 108 photons mm�2 s�1),
and P is the photosensitivity of mouse rods at the wave-
length of peak absorbance (5.7� 10�9 mm2; Woodruff et
al., 2004). Mice were re-anesthetized once after 30min
with a lower dose of ketamine (;1/3 of the initial dose) and
a small drop of PBS solution was gently applied to their
eyes with a plastic syringe to protect them from drying and
to maintain contact with the recording electrodes.
For ex vivo transretinal recordings, the animals were eu-

thanized with CO2 and then their eyes were enucleated
under dim red light followed by dissection under infrared
illumination. The dissection was performed in a Petri dish
containing oxygenated Ames’ medium (Sigma). First, the
eyeballs were cut close to the limbus, then the retina was
gently detached from the posterior eye cup by tearing the
sclera and retinal pigmented epithelium (RPE), using for-
ceps. The retinas were stored in oxygenated Ames’ medium
in a dark chamber at room temperature until recording.
Recordings were conducted using previously described
methods (Vinberg and Kefalov, 2015). The recordings were
made using a closed chamber where the retina wasmounted
with photoreceptors facing up. The recording chamber was
continuously supplied with oxygenated Ames’ medium at a
flow rate of 3–5 ml/min. For isolating the photoreceptor com-
ponent of the transretinal response, 50 mM DL-AP4 (Tocris)
and 100 mM BaCl2 (Sigma) were included in the Ames’ me-
dium. The chamber temperature was maintained at 35–36°C,
and retinas were allowed to adapt to the chamber tempera-
ture for at least 15min before the start of the recordings. Ex

vivo ERG recordings were made by presenting light flashes
produced by computer-controlled LEDs (Thor Labs). The sig-
nals were amplified using a differential amplifier (Warner
Instruments), low-pass filtered at 300Hz (Krohn Hite Corp.),
digitized using Digidata 1440 (Molecular Devices), and re-
corded on a computer at a sampling frequency of 10kHz,
using pClamp 10 software.
For single-cell suction recordings from rod outer seg-

ments, following dissection of the eyes under infrared illu-
mination, the retinas were chopped into small pieces in a
dish containing oxygenated Locke’s solution (in mM:
112.5 NaCl, 3.6 KCl, 2.4 MgCl2, 1.2 CaCl2, 10 HEPES, 20
NaHCO3, 0.02 EDTA, 3.0 Na2-succinate, 0.5 Na-gluta-
mate, 10.0 glucose, and 0.1% MEM vitamins). The retinal
pieces were then transferred to an open chamber main-
tained at 35–36°C with a continuous supply of heated
Locke’s solution at 2–3 ml/min. Borosilicate glass pip-
ettes, pulled to ;1-mm inner diameter over a heated fila-
ment (Sutter Instruments), fire-polished, and filled with
electrode solution (in mM: 140 NaCl, 3.6 KCl, 2.4 MgCl2,
1.2 CaCl2, 3.0 HEPES, 0.02 EDTA, and 10.0 glucose; pH ad-
justed to 7.4 with NaOH), were used in these experiments.
Single rod outer segments were approached under infrared
visual control and gently drawn into the glass pipette.
Recordings were made by presenting flash stimuli produced
by computer-controlled LEDs (Thor Labs). Signals were am-
plified using Axopatch 200B, low-pass filtered at 10Hz
(Krohn Hite Corp.), digitized using Digidata 1440 (Molecular
Devices), and recorded on a computer at a sampling fre-
quency of 10kHz, using pClamp 10 software.

Data analysis
Data were analyzed using Clampfit 10.7 (Molecular

Devices), Microsoft Excel and Origin 9.8.5 (64bit, SR2,
OriginLab) and presented as mean 6 SEM p-values of
,0.05 (Student’s t test) were considered significant. The in-
tensity-response relationships data were fitted by a hyper-
bolic Naka–Rushton function using the following equation:

R
Rmax

¼ In

In 1 In1=2
;

where R is the flash response, Rmax is the maximum re-
sponse amplitude, I is the flash intensity, n is the Hill

Figure 3. Effect of the RhoF45L knock-in mutation on rhodopsin expression. Representative difference absorbance spectra of rho-
dopsin (before vs after bleaching) from wild-type mice (A) and RhoF45L KI mice (B). Averaged spectra from wild-type mice (black;
n=2 eyes) and RhoF45L KI mice (red; n= 2 eyes; C). All measurements were done from three-month-old animals.

Research Article: Negative Results 4 of 10

March 2023, 10(3) ENEURO.0330-22.2023 eNeuro.org



coefficient, and I1/2 is the intensity to produce half-satu-
rating response. The light adaptation data were fitted by a
modified Weber–Fechner function, as follows:

Sf

SfDA
¼ In0

In0 1 In
;

where Sf is the rod sensitivity (as defined above), Sf
DA is

the rod sensitivity in darkness, n is a slope factor (Hill co-
efficient), I is the background light intensity (in photons
mm�2 s�1), and I0 is the background light intensity needed
to reduce the sensitivity to 50% of that in darkness.

Morphology andmicroscopy
For morphologic studies, the eyeballs from three-, six-,

and nine-month-old animals were fixed overnight in 4%
paraformaldehyde at 4°C, embedded in paraffin, and then
sectioned into 10-mm-thick sections. For identification of
the dorsal and ventral sides of the retinas, the eyes were

marked on the ventral surface of the cornea by a high-
temperature cautery pen. Retinal sections were stained
with hematoxylin and eosin (H&E) to label the nuclei. The
stained sections were imaged at 40� magnification using
an Olympus BX51 microscope. The outer and inner nu-
clear layer thickness was measured using ImageJ soft-
ware (NIH).

Rhodopsin measurements
Mouse eyes were enucleated in darkness under dim red

light. Each eye was flash-frozen on dry ice immediately
after enucleation. Rhodopsin was extracted with 20 mM

HEPES, pH 7.4, containing 10 mM n-dodecyl-b -maltoside
and 5 mM freshly neutralized NH2OH·HCl, as described
previously (Palczewska et al., 2018). Briefly, the tissue
was homogenized with 0.9 ml of buffer in a 2-ml Dounce tis-
sue homogenizer (Kontes Glass Co) and shaken for 5min at
4°C. The sample was then centrifuged at 17,200�g for
5min at 4°C. The supernatant was collected, the pellet was
extracted a second time with 0.9 ml of buffer, and the com-
bined supernatants were filtered through a 0.22-mm polye-
thersulfone membrane. Absorbance spectra were recorded
using a Varian Cary 50-Scan UV-Vis spectrophotometer
(Varian Australian Pty Ltd.); the sample was used as blank,
then it was bleached for 5min with a white-light, 875-

Figure 4. Effect of the RhoF45L knock-in mutation on in vivo scotopic ERG responses. Representative families of ERG responses to
flashes of increasing intensity (Cd · s m�2: 2.5�10�5, 2.5� 10�4, 2.5� 10�3, 2.5� 10�2, 0.25, 2.5, 20, and 250) recorded in sco-
topic conditions from wild-type mice (A) and RhoF45L KI mice (B). For comparison, the responses to a flash of 2.5�10�4 Cd · s m�2

are highlighted in red in the two panels. Population-averaged a-wave response amplitudes (C) and b-wave response amplitudes (D)
from groups of wild-type mice (black; n=5) and RhoF45L KI mice (red; n = 5) are plotted together as a function of flash intensity.
Error bars indicate SEM. Differences in C and D were not significant (p. 0.05) for all data points. All measurements were done from
three-month-old mice.

Table 1: Scotopic visual behavior test results

Visual acuity (cyc/°) Contrast threshold (%) N
wild type 0.726 0.04 11.96 1.5 3 mice
RhoF45L KI 0.676 0.02 12.76 1.2 6 mice
p value .0.05 .0.05
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Lumens bulb, and finally the difference absorbance spec-
trumwas recorded immediately following a bleach. The con-
centration of rhodopsin was determined by the decrease in
absorbance at 500nm using the molar extinction coefficient
«500nm = 42,000 M�1 ·cm�1.

Results
RhoF45L KImutation does not cause rod degeneration
RhoF45L expressed in vitro has been demonstrated to

retain the capability to activate transducin; however, its
binding affinity to transducin was shown to be reduced
(Kaushal and Khorana, 1994). Because the loss of rho-
dopsin leads to photoreceptor degeneration in mice (Lem
et al., 1999), we speculated that a partial loss of pigment
function in the RhoF45L KI mouse line could also lead to
rod death. First, we examined the retinal morphology
at three different time points. We found that there were
no detectable changes in the outer nuclear layer (ONL)

thickness in three-, six-, and nine-month-old wild-type mice
(Fig. 2A–C, respectively) or in the age-matched RhoF45L KI
mutant mice (Fig. 2D–F, respectively). We then quantified
the ONL morphology by measuring the thickness (Fig. 2G–I)
as well as by counting the nuclei per ONL column (Fig. 2J–L)
at several different locations across the retina, which
showed no significant differences between the two types
of mice at any of the time points studied, with the excep-
tion of two different locations in the dorsal retina of three-
month-old mice where we observed small but significant
diminutions of 22% and 12% for the RhoF45L KI mice
(Fig. 2G). Thus, overall, the RhoF45L KI mutation did not
cause notable rod degeneration in the mouse retina.

RhoF45L KImutation does not affect the expression of
rhodopsin in rods
The normal development and health of rods is strongly de-

pendent on the proper level of expression of rhodopsin (Fulton

Figure 5. Effect of the RhoF45L knock-in mutation on ex vivo ERG rod responses. Representative families of responses to flashes of
increasing intensity (photons mm�2: 0.3, 1, 3, 10.7, 35, 117, 386, and 1271) for retinas from wild-type mice (A) and RhoF45L knock-in
mutant mice (B). For comparison, the responses to a flash of 35 photons mm�2 are highlighted in red in both panels. Average flash
response amplitudes (C) and average normalized flash response amplitudes (D) for rods from wild-type mice (black; n=5 mice,
8 retinas) and RhoF45L knock-in mutant mice (red; n=6 mice, 10 retinas) are plotted together as a function of flash intensity. Error
bars indicate SEM. The lines represent curves fitted to the data using a hyperbolic Naka–Rushton function. All measurements were
done from three-month-old mice.

Table 2: Transretinal recordings analysis parameters

Rmax (mV) Sf
DA (� 10�3 phot�1 mm2) I1/2 (phot mm

�2) N
wild type 9546 30 226 1 396 4 5 mice, 8 retinas
RhoF45L KI 10886 64 216 1 466 4 6 mice, 10 retinas
p value 0.08 0.40 0.16

Rmax, saturated response amplitude measured at the plateau.
Sf

DA, dark-adapted sensitivity.
I1/2, intensity required to produce half of the saturated response.
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et al., 2009; Wen et al., 2009). Our finding that the RhoF45L KI
mutant retina does not present detectable degeneration even
at ninemonths of age suggests that the mutant rhodopsin is
expressed at a normal (fully functional) level compared with
that in wild-type rods. To evaluate rhodopsin expression di-
rectly, we measured absorbance spectra for eye extracts of
rhodopsin from retinas of wild-type and RhoF45L KI mutant
mice. We found that the F45L variant exhibited peak absorb-
ance at 500nm, similar to wild-type rhodopsin (Fig. 3). There
were no significant differences in the quantified rhodopsin ab-
sorbance spectra for retina samples from RhoF45L KI mutant
and wild-type mice, indicating that their rhodopsin levels and
spectral characteristics were indistinguishable.

RhoF45L KImutation does not affect the rod response
We next tested whether the RhoF45L KI mutation af-

fected the physiological response of the rods by record-
ing in vivo ERG responses under scotopic conditions.
We found that the rod-driven responses of RhoF45L KI
mutant mice (Fig. 4B) were comparable to those of wild-
type mice (Fig. 4A). Comparison of the a-wave (Fig. 4C)
and b-wave (Fig. 4D) intensity-response relationships
further revealed that they were essentially identical for
wild-type and the RhoF45L KI mutant mice. This finding
was also consistent with the results of scotopic opto-
motor reflex experiments performed with these mice,
which showed statistically indistinguishable visual

Figure 6. Effect of the RhoF45L knock-in mutation on individual rod responses. Representative families of responses of individual
rods to flashes of increasing intensity (photons mm�2: 1, 3, 10.7, 35, 117, 386, and 1271); (A) rods from wild-type mice, and (B) rods
from RhoF45L knock-in mutant mice. For comparison, the responses to a flash of 35 photons mm�2 are highlighted in red in the two
panels. Population-averaged flash response amplitudes (C) and averaged normalized flash response amplitudes (C, inset) for rods
from wild-type mice (black; n=14 cells), and rods from RhoF45L knock-in mutant mice (red; n=13 cells) plotted together as a func-
tion of flash intensity. Error bars indicate SEM. The lines represent curves fitted to the data points using a Naka–Rushton function.
D, Normalized averaged dim flash responses for rods from wild-type mice (black; n=10 cells), and from RhoF45L knock-in mutant
mice (red; n=13 cells) plotted together for comparison of response kinetics. All measurements were done from three-month-old
mice.

Table 3: Rod outer segment suction recordings analysis parameters

Idark (pA) Sf
DA (� 10�3 phot�1 mm2) I1/2 (phot mm

�2) Tp (ms) Tint (ms) t rec (ms) N
wild type 136 1 86 1 896 14 2156 12 941660 2736 24 14 cells
RhoF45L KI 126 1 106 1 766 15 2276 10 965639 3576 61 13 cells
p value 0.06 0.52 0.55 0.43 0.74 0.22

Idark, saturated response amplitude measured at the plateau.
Sf

DA, dark-adapted sensitivity.
I1/2, intensity required to produce half of the saturated response.
Tp, time to peak of a dim flash response.
Tint, integration time of the response.
t rec, recovery time constant during response shut off.
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acuity and contrast sensitivity for the two groups of
mice (Table 1).
We next turned to ex vivo ERG recordings that allow

pharmacological manipulation of the retinal response to
isolate its photoreceptor component. The rod responses
recorded ex vivo were also similar for the wild-type and
RhoF45L KI mutant mice (Fig. 5A,B, respectively), and had
comparable maximal amplitudes and sensitivities (Table
2). The intensity-response functions for these two groups
were only marginally different (Fig. 5C) and the composite
sets of data were evaluated as not statistically different
(Table 2). The normalized intensity-response relationships
were also indistinguishable for the wild-type and RhoF45L

KI mutant mice (Fig. 5D), demonstrating their similar pho-
tosensitivities (Table 2).
To study the kinetics of rod responses, we compared

dim flash responses from single rod outer segments of
wild-type and RhoF45L KI mutant mice. As expected, the
response amplitudes and sensitivities were comparable
between the two groups (Fig. 6A–C; Table 3). We also
found that the rod dim-flash response kinetics were indis-
tinguishable between wild-type and RhoF45L KI mutant
mice (Fig. 6D), with similar times to peak, integration
times, and recovery time constants for the two groups
(Table 3). Thus, the overall data indicate that the RhoF45L

KImutation did not affect the rod light response.

RhoF45L KImutation does not affect dark adaptation of
rods
Finally, to investigate a possible impact of the RhoF45L

mutation on the ability of rods to process their rhodopsin
photointermediates and regenerate their visual pigment
after its substantial bleaching, we measured the kinetics
of rod dark adaptation in vivo (Fig. 7A–D). Under these
conditions, the rate of rod dark adaptation is determined
by the speed of recycling of the spent visual chromophore
(all-trans-retinal) back to its initial 11-cis-retinal form in the
canonical RPE-dependent retinoid (visual) cycle. In accord-
ance with the unchanged intensity-response relationship (Fig.
4C), the maximal dark-adapted (DA) scotopic ERG a-wave
amplitude, Rmax, was not affected by the RhoF45L substitution
in this separate group of two-month-old mice (2976 8mV for
controls vs 293611mV for mutants, n=12 in each case,
p. 0.05; Fig. 7A). Rod ERG a-wave photosensitivity, Sf, was
also identical in the two groups (1.4760.04 m2 cd·s�1 for
controls vs 1.4060.04 m2 cd·s�1 for mutants, n=12 in each
case, p.0.05; Fig. 7C). The single-exponential recovery of
rod-driven ERG a-wave response following exposure of the
eyes to brief bright light (estimated to bleach. 90% of rho-
dopsin) was also unaltered, with its final postbleach levels
reaching 81% and 89% for wild-type and mutant mice, re-
spectively (Fig. 7B); and the lack of difference was confirmed
for the comparison of the recovery of normalized scotopic

Figure 7. Effect of the RhoF45L knock-in mutation on dark adaptation of rods. Recovery of absolute (A) and normalized (B) scotopic
ERG maximal a-wave amplitudes (Rmax; mean 6 SEM) after bleaching.90% of rhodopsin in eyes of wild-type mice (black, n=12)
and RhoF45L knock-in mutant mice (red, n=12). Bleaching was achieved by a 35-s illumination with bright 520 nm LED light at time
0. Rmax

DA refers to the prebleach maximal response in the dark (DA). Averaged data points were fitted with single exponential func-
tions yielding time constants of 18.76 0.9 and 16.26 0.6min for wild-type and RhoF45L knock-in mice, respectively. Recovery of ab-
solute (C) and normalized (D) scotopic ERG a-wave flash sensitivity (Sf; mean 6 SEM) after bleaching.90% of rhodopsin in the
same wild-type mice (black, n=12) or RhoF45L knock-in mice (red, n=12). Sf

DA designates the sensitivity of dark-adapted (DA) rods.
All measurements were done from three-month-old mice.
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ERG a-wave sensitivity for wild-type and RhoF45L animals
(Fig. 7D). We conclude that the RhoF45L mutation does not
affect the kinetics of regeneration of rhodopsin and the dark
adaptation of rods, consistent with the normal pigment levels
and photoresponses inRhoF45Lmice in the dark.

Discussion
In this study, we investigated the possible effect of a Phe

to Leu substitution mutation F45L in rhodopsin on the mor-
phology and visual function of rod photoreceptors in the
mouse retina. Our results demonstrate that the RhoF45L

mutation does not lead to any changes in the function of
rhodopsin; thus, the physiology, health, and survival of the
rods remain unchanged. These results are consistent with
recent studies by Lewis et al., 2020; where they showed
that mice expressing rhodopsin F45L-mutants or F220C-
mutants exhibited no change in rod physiology, protein dis-
tribution, morphology, or survival.
Our finding that the quantified absorbance of the F45L-

mutant rhodopsin is unchanged from the wild-type rhodop-
sin indicates that the absolute level of rhodopsin remains
unaltered in the RhoF45L KI rods. Additionally, we found that
the light response amplitude and sensitivity of rods from
RhoF45L KI mutant mice were essentially the same as those
from wild-type mice, suggesting that the activation phase of
the response is unchanged in the RhoF45L mutants. The am-
plification of the rod phototransduction cascade is directly
proportional to the level of G-protein transducin a-subunit in
the outer segments of mammalian rods (Arshavsky et al.,
2002; Sokolov et al., 2002) and depends on the overall
binding affinity of transducin heterotrimer to rhodopsin
(Kolesnikov et al., 2011). Thus, together these findings
suggest that, not only do these mutant rods express
normal levels of rhodopsin and transducin leading to
efficient amplification of the transduction cascade, but
also that the rhodopsin-transducin interaction and
binding affinity remain normal.
We also found that the time course of dark adaptation

of the rods from the mutant RhoF45L KI mice after near
complete bleaching of their visual pigment was indistin-
guishable from that of the rods from wild-type mice. This
novel observation indicates that the overall kinetics of pig-
ment regeneration in vivo are not affected by the F45L
mutation of rhodopsin. Dark adaptation of rod photore-
ceptors is a complex process that involves the release
and reduction of the spent all-trans-retinal from photoac-
tivated rhodopsin, followed by its recycling to 11-cis-reti-
nal in the retinal pigmented epithelium (RPE), its return to
photoreceptors, and finally binding to free opsin and for-
mation of a Schiff base to reconstitute the ground-state
rhodopsin molecule (Lamb and Pugh, 2004). The overall
speed of this process is limited by the supply of fresh
chromophore from the RPE to the rods (Lamb and Pugh,
2004; Wang et al., 2014). However, modulation of the
thermal decay of photoactivated rhodopsin intermediates
by G-protein-coupled receptor kinase 1 and arrestin 1
(Frederiksen et al., 2016) and its phosphorylation status
(Kolesnikov et al., 2017) can also affect the overall time
course of dark adaptation of rods. Thus, our observation
that rod dark adaptation in RhoF45L KI mice is unchanged

indicates that the chromophore release, its re-isomeriza-
tion in the RPE, and subsequent binding of freshly formed
11-cis-retinal to mutant opsin all remain normal in these
animals.
Overall, our findings rule out the possibility that the

RhoF45L mutation exerts a functionally significant alloste-
ric modulation of rhodopsin either during signaling or dur-
ing pigment regeneration in mouse rods. Additionally, we
show that the mutant rods remain healthy for up to several
months of age, suggesting that the RhoF45L mutation
does not give rise to any pathologic conditions leading to
photoreceptor death. These findings are consistent with
recent studies and, in conjunction, support the emerging
view that the F45L point mutation is not implicated in
such hereditary diseases as retinitis pigmentosa (Vincent
et al., 2013; Lewis et al., 2020). The F45L mutation de-
tected in a few retinitis pigmentosa patients diagnosed
earlier could possibly be a consequence of this mutation
occurring coincidentally with other unidentified mutations
leading to the disease, as several newer mutations impli-
cated in inherited retinal degenerations have been identi-
fied in the following decades (Sung et al., 1991a; Berson
et al., 2002). Future studies will have to evaluate the effect
of the F45L mutation on rhodopsin dimerization in vivo or
use alternative or complementary methods of disrupting
rhodopsin dimers (Jastrzebska et al., 2006; Getter et al.,
2021) to further investigate the possible role of allosteric
interactions between rhodopsin monomers in disk mem-
branes in photoreceptor signaling.
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