
Citation: Vargas, J.A.; Finnemann,

S.C. Differences in Diurnal Rhythm

of Rod Outer Segment Renewal

between 129T2/SvEmsJ and

C57BL/6J Mice. Int. J. Mol. Sci. 2022,

23, 9466. https://doi.org/10.3390/

ijms23169466

Academic Editor: Kai Kaarniranta

Received: 1 July 2022

Accepted: 19 August 2022

Published: 22 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Brief Report

Differences in Diurnal Rhythm of Rod Outer Segment Renewal
between 129T2/SvEmsJ and C57BL/6J Mice
Jade A. Vargas and Silvia C. Finnemann *

Center for Cancer, Genetic Diseases and Gene Regulation, Department of Biological Sciences, Fordham University,
Bronx, NY 10458, USA
* Correspondence: finnemann@fordham.edu

Abstract: In all mammalian species tested to date, rod photoreceptor outer segment renewal is a
circadian process synchronized by light with a burst of outer segment fragment (POS) shedding and
POS phagocytosis by the adjacent retinal pigment epithelium (RPE) every morning at light onset.
Recent reports show that RPE phagocytosis also increases shortly after dark onset in C57BL/6 (C57)
mice. Genetic differences between C57 mice and 129T2/SvEmsJ (129) mice may affect regulation
of outer segment renewal. Here, we used quantitative methods to directly compare outer segment
renewal in C57 and 129 mouse retina. Quantification of rhodopsin-positive phagosomes in the RPE
showed that in 129 mice, rod POS phagocytosis after light onset was significantly increased compared
to C57 mice, but that 129 mice did not show a second peak after dark onset. Cone POS phagosome
content of RPE cells did not differ by mouse strain with higher phagosome numbers after light than
after dark. We further quantified externalization of the “eat me” signal phosphatidylserine by outer
segment tips, which precedes POS phagocytosis. Live imaging of retina ex vivo showed that rod
outer segments extended PS exposure in both strains but that frequency of outer segments with
exposed PS after light onset was lower in C57 than in 129 retina. Taken together, 129 mice lacked
a burst of rod outer segment renewal after dark onset. The increases in rod outer segment renewal
after light and after dark onset in C57 mice were attenuated compared to the peak after light onset in
129 mice, suggesting an impairment in rhythmicity in C57 mice.
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1. Introduction

In the vertebrate retina, the function of photoreceptor neurons for life is maintained
through the process of photoreceptor outer segment renewal [1]. It involves the shedding
of distal photoreceptor outer segment fragments (POS) and concomitant phagocytosis of
POS by the adjacent retinal pigment epithelium (RPE) [1,2]. Photoreceptor outer segment
renewal in mammals is a circadian and light-synchronized process [3]. In all mammalian
species tested to date, rod POS shedding and phagocytosis occur in a burst shortly after
light onset [3]. A robust morning peak shortly after light onset and low activity at other
times is a rhythm that has been reported for over 50 years in laboratory mice and rats
that are entrained to a 12 h light–12 h dark cycle, i.e., with light on from zeitgeber time
0 (ZT0) to ZT12 and light off from ZT12 to ZT0 [4–6]. Recently, a previously unseen
evening peak of rod POS phagocytosis following onset of darkness has been reported in
both mice and zebrafish [7–9]. In these studies, both electron microscopy and rhodopsin
immunofluorescence microscopy were used to identify and quantify POS phagosomes in
the RPE in situ. Lewis and colleagues found equivalent numbers of POS phagosomes in
mouse RPE at ZT1.5 and at ZT13.5 [8]. Goyal and colleagues reported levels of wild-type
mouse RPE phagosomes at ZT14 that were modestly but statistically significantly higher
than off-peak phagosome counts but less than half of the number of RPE phagosomes
seen at ZT1 [7]. Notably, both studies explored mice of the same genetic background, the
C57BL/6J (C57) strain.
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Our studies exploring mice of the 129T2/SvEmsJ (129) strain have not revealed ele-
vated rod POS phagosome numbers outside the morning peak using similar methodol-
ogy [10,11]. However, these studies quantified rod OS phagosome content of the RPE at
ZT12 and ZT15 and not at ZT13.5 or ZT14. We wondered if a burst of POS phagocytosis
after dark in 129 mice had been missed previously due to different sampling time points or
other technical differences in experimentation among different laboratories such as facility
lighting, antibody usage, and tissue preparation, which may confound data set comparison,
as recently reviewed [4]. Alternately, 129 may differ in outer segment renewal rhythmic-
ity from C57 mice inherently due to genetic differences. Indeed, numerous phenotypic,
physiological, and behavioral differences exist among inbred mouse strains in general [12].

Here, we therefore directly compared RPE phagocytosis of both rod and cone POS
in 129 and C57 mice raised under identical conditions with equal sample collection and
processing at identical and relevant time points before and after light and dark onset.
As the exposure of phosphatidylserine (PS) at the outer segment tip serves as “eat me”
signal for the RPE and thus precedes phagocytosis by RPE [13], we additionally quantified
PS exposure at rod outer segment tips in both 129 and C57 mice to further compare
outer segment renewal in these widely used strains. Altogether, these experiments reveal
principal similarity but also significant differences in the diurnal rhythm of outer segment
renewal dependent on mouse strain.

2. Methods
2.1. Materials and Reagents

Materials were purchased from Thermofisher (Waltham, MA, USA) unless other-
wise stated.

2.2. Animals

All procedures involving animals were pre-approved by Fordham University’s Animal
Care and Use Committee (IACUC) and adhered to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Wild-type 129T2/SvEmsJ (129) and C57BL6/J
(C57) mice originally purchased from Jackson Laboratories were bred, raised, and housed in
the Fordham University animal facility under a strict 12 h light–dark cycle, with light onset
at ZT0 and illuminance during the light period at cage-level of ~100 lux. Mice received
standard rodent chow and water ad libitum. Experiments used mixed cohorts of male and
female mice aged 5 months. Our previously published study demonstrated that there is no
difference in morning POS phagocytosis between male and female 129 mice [14]. Cohort
founder mice were tested and found to be negative for the rd8 mutation [15]. Mice were
sacrificed by CO2 asphyxiation followed by cervical dislocation at specific time points
relative to entrained light onset. Eye globes were enucleated, dissected, and processed
immediately postmortem.

2.3. Whole-Mount Tissue Preparation, Immunofluorescence Labeling, and Microscopy

Eye globes were processed for whole-mount RPE rod and cone POS phagosome
quantification exactly as described recently [16]. In brief, enucleated eyes were dissected
in cold Hank’s buffered saline solution with calcium and magnesium (HBSS-CM, cat#
21-022CV, Corning Mediatech, Manassas, VA, USA) to remove the lens, cornea, iris, and
neural retina. The resulting posterior eyecup was fixed for 30 min at room temperature in
freshly prepared 4% paraformaldehyde in PBS followed by transfer to PBS. The eyecup
was then cut radially to yield a flat, flower-like whole-mount sample with 4 petals and
with the RPE facing up. Cuts were made from the edge toward the optic disc but did not
cut into the optic disc. Whole mounts were incubated in a humidified chamber for the
duration of immunofluorescence staining. They were blocked with 5% donkey serum,
1% BSA, and 0.3% Triton X-100 in PBS for 30 min at room temperature. Primary and
secondary antibodies were diluted in 1% donkey serum, 1% BSA, and 0.1% Triton X-100
in PBS. Whole mounts were incubated with a mix of red–green cone opsin and blue cone
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opsin rabbit antibodies (cat#5405 and 5407, respectively, both Millipore-Sigma, St. Louis,
MO, USA 1:300 each) overnight at 4 ◦C, washed with PBS, and incubated with donkey anti
rabbit-AlexaFluor-594 antibody (cat# A-21207, Thermofisher, 1:250) at room temperature
for 2 h. This was followed by incubation with primary mouse antibody to rhodopsin (clone
B6-30, cat# NBP2-25160, Novus Biologicals, Centennial, CO, USA, 1:250) overnight at 4 ◦C,
washing with PBS, and incubation with donkey anti mouse-AlexaFluor-488 antibody (cat#
A-21202, Thermofisher, 1:250) at room temperature for 2 h. Whole mounts were mounted
RPE side up on microscope slides using Vectashield (cat# H-1000, Vector Laboratories,
Newark, CA, USA). Coverslips were sealed using nail polish. At least 8 x-y image stacks
per whole-mount tissue were acquired using a Leica TSP8 confocal microscopy system.
Image projections were recompiled in Adobe Photoshop 2021. Phagosomes defined as
circular opsin signals of at least 0.5 µm in diameter were counted in maximal projections
using ImageJ.

2.4. Live Imaging of Externalized PS at Outer Segment Tips

PS live imaging and analyses were performed exactly as reported previously [13,17].
In brief, neural retinae were dissected from eye globes in HBSS-CM at room temperature
immediately following animal sacrifice. Both isolated, intact neural retinae from a mouse
were transferred photoreceptor side up with a plastic transfer pipette cut obliquely to widen
the opening onto a microscope slide prepared with hardened nail polish dots. Retinae
were incubated in a 50 µL biosensor in HBSSCM (10 µg/mL, “polarity sensitive indicator
of viability and apoptosis” pSIVA, cat# NBP2-29382, Novus Biologicals). A coverslip was
placed on top of the nail polish dots with care not to crush retinae. Fluorescence signals
indicating exposed PS were imaged within 30 min of mounting on a Leica TSP8 laser
scanning confocal microscopy system. X-y image stacks were acquired and collapsed to
yield maximal projections. These were recompiled in Adobe Photoshop 2021 for figures.
Frequency of outer segment tips exposing PS per field and length of PS exposure of
individual outer segment tips lab were quantified using ImageJ.

2.5. Statistical Analyses

Results were compiled, averaged, and analyzed statistically using GraphPad Prism.
For each data point, at least 4 tissues from 4 different mice were analyzed. The exact tissue
numbers for each experiment are provided in the figure legends. Quantification results
were compiled, averaged, and analyzed statistically using GraphPad Prism. Two-way
ANOVA testing with Tukey’s post hoc test was used for comparisons. Differences of
p < 0.05 were considered statistically significant.

3. Results
3.1. Significantly Higher Numbers at ZT1 but No Peak after Dark in Rod POS Phagosome Content
in 129 RPE Compared to C57 RPE

We prepared whole-mount RPE samples at specific times after light and dark onset
from age-matched 129 and C57 mice that were born, raised, and light-entrained under the
same conditions. We sought to ensure that we would be able to directly compare time
points with earlier studies by us and others. As our previous studies focused on ZT1 and
the recent data on C57 mice tested at ZT1.5, we collected tissues both 1 and 1.5 h after light
and after dark, respectively (ZT1, ZT1.5, ZT13, and ZT13.5). We co-stained RPE whole
mounts with rhodopsin and cone opsin antibodies to allow for identification of both rod
and cone POS phagosomes by immunofluorescence microscopy. Close-up observation of
samples obtained at ZT1 and co-stained for rod and cone POS phagosomes, respectively, did
not reveal obvious differences in overall size, appearance, or distribution of phagosomes
(Figure 1A). To quantify phagosomes, we next imaged and analyzed low-magnification
fields in order to represent a large portion of the RPE in the analyses. Representative
images for rod phagosomes (Figure 1B) and resulting quantification revealed that rod POS
phagocytosis peaks at ZT1 in 129 mice with significantly fewer rod POS phagosomes at
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ZT1.5 (Figure 1C, gray bars). At both time points after dark, we found significantly lower
rod POS phagosome content in 129 mice than at either ZT1 or ZT1.5 (Figure 1C, gray bars).
There was no difference in rod POS phagosome content at ZT13 and ZT13.5 in 129 mice.
In C57 mice, rod POS phagosome content was the same at ZT1, ZT1.5, and ZT13 and
significantly less than any of these only at ZT13.5 (Figure 1C, black bars). Unlike in 129
mice, rod POS phagosome content at ZT1 was not significantly different from ZT1.5 in
C57 mice. Comparing rod phagosome content between strains at the same time point,
the rod POS phagosome content at ZT1 was significantly higher in 129 than in C57 mice
(Figure 1C, gray and black bars, ZT1). Next, we quantified cone POS phagosome content in
the RPE at the same time points. We found no difference between 129 and C57 RPE in cone
POS phagosomes regardless of the time point tested (Figure 1D,E). Cone POS phagosome
content was elevated in both strains shortly after light onset, at ZT1 and ZT1.5, as compared
to shortly after dark, and there was no difference between ZT1 and ZT1.5 or ZT13 and
ZT13.5, respectively (Figure 1D,E). Finally, it should be noted that the morphology of the
RPE as well as the distribution of rod and cone POS phagosomes across retinal regions was
indistinguishable between the two strains.
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tissues were collected at ZT1, ZT1.5, ZT13, and ZT13.5 followed by rod and cone phagosome labeling
and fluorescence microscopy. (A) Representative high-magnification image stack maximal projections
showing rod and cone POS phagosomes in green and red, respectively, at ZT1 in strains as indicated.
Scale bars, 10 µm. (B) Representative low-magnification image stack maximal projections of rod
POS phagosomes of 129 (upper row) and C57 (lower row) mice at ZT1 and ZT13 as indicated.
(C) Quantification of rod POS phagosomes from images as shown in (B). (D) Representative image
stack maximal projections of cone POS phagosomes of 129 (upper row) and C57 (lower row) mice at
ZT1 and ZT13 as indicated. (E) Quantification of cone POS phagosomes from images as shown in
(D). Scale bars in (B,D), 25 µm. Bars in (C,E) show mean ± s. e. m., n = 5 eyes from 5 different mice
per sample; two-way ANOVA with Tukey’s post hoc test revealed significant differences between
select sample groups as connected by lines with * indicating p < 0.05.

3.2. Attenuated Frequency of Photoreceptor Outer Segments Exposing PS at Their Distal Tip in
C57 Compared to 129 Mice

The rod POS phagosome content analyses above suggest an attenuated burst of RPE
phagocytic activity toward rod POS after morning light onset in C57 mice compared to 129
mice. We wondered if this was reflected in differences in exposure of the PS “eat me” signal
exposed by photoreceptor tips, which precedes the morning peak of RPE phagocytosis [13].
Previously, we showed that in 129 mice, PS tips elongate by ZT0 and show maximal
frequency across the retina at ZT1 [13,17]. Here, we thus directly compared the length of
PS-marked outer segment tips and frequency of PS-exposing outer segment tips in both
129 and C57 retina in the morning at ZT0 and ZT1. We found that the average length of PS
exposure at individual outer segments was significantly higher at ZT0 than at ZT1 in both
129 and C57 retina, matching our previous studies (Figure 2A,B, compare ZT0 and ZT1
gray bars and black bars, respectively). Thus, individual rod photoreceptors in C57 retina
respond to anticipated light onset like those in 129 retina, by elongating their PS-exposing
tips. Moreover, PS-exposing outer segment tips were significantly longer at ZT1 in C57
than in 129 retina (Figure 2B, compare gray to black bars at ZT1 and at ZT1.5, respectively).
With respect to frequency of rods with PS tips exposing PS, we imaged low-magnification
fields (Figure 2C). Insets with white borders in the upper left-hand corner of each panel
show enlargements of areas indicated by yellow squares in each field. These illustrate that
overall, the appearance of PS tip labeling was similar among strains. Quantification showed
that the abundance of PS-exposing outer segment tips in 129 retina more than doubled
between ZT0 and ZT1, in agreement with our previous studies (Figure 2C,D, gray bars).
In contrast, there was no change in frequency of rods with PS-exposing tips in C57 retina
in this time period (Figure 2C,D, black bars). The average frequency of PS-exposing outer
segment tips in C57 retina was in between the low average at ZT0 and the high average at
ZT1 in 129 mice, but differences between strains did not reach statistical significance.
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Figure 2. Similar diurnal elongation of PS exposure at rod outer segment tips but reduced PS-POS tip
frequency in C57 compared to 129 mice. Whole-mount neural retina mounted outer segment side up
was incubated with biosensor labeling externalized PS and live-imaged. (A) Images are representative
maximal projections showing individual rod outer segments live-imaged at high magnification. Scale
bars, 2 µm. (B) Quantification of the length of PS-exposing tips of outer segments from images as in
(A). (C) Representative retina overview fields of PS biosensor live imaging experiments. Images are
maximal projections. Inset with white borders in top left corner of each field shows magnification of
areas indicated by yellow rectangles. All scale bars in (C), 10 µm. (D) Quantification of the frequency
of outer segments exposing PS in C57 and 129 mice of samples as in (B). Values are normalized to the
frequency of outer segments exposing PS in 129 mice at ZT0. Bars in (B,D) show mean ± s. e. m.,
n = 4–5 for (B), and n = 4 for (D); two-way ANOVA with Tukey’s post hoc test showed significant
differences as indicated by lines (* indicates p < 0.05).

4. Discussion

In this brief report, direct comparison in side-by-side experiments supports the con-
clusion of significant differences in the diurnal rhythm of outer segment renewal between
two widely used wild-type mouse strains, C57 and 129 mice. Differences were modest in
size, and they centered on attenuated activity after light onset in C57 mice and the lack of
a burst in rod POS phagocytosis after dark onset in 129 mice. These data underscore the
importance of selection, control, and precise reporting of genetic background strains as
well as precise sampling times for studies of outer segment renewal in mice.

Our analyses of the whole-mount RPE labeled with rhodopsin antibody showed 1.6-
fold higher peak rod POS phagosome numbers in 129 than in C57 mice at ZT1. Moreover,
rod POS phagosome content in 129 RPE was 1.7-fold higher at ZT1 than at ZT1.5, and 2.4
and 3.2-fold higher than at ZT13 or ZT13.5, respectively. In contrast, rod POS phagosome
content in the C57 RPE was similar at ZT1, ZT1.5, and ZT13 but lower at ZT13.5. These
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results corroborate the recently reported increase in rod POS phagocytosis after dark onset
in C57 mice but fail to detect a similar burst in 129 mice. Notably, the peak in rod POS
phagocytosis at ZT1 in 129 mice was significantly greater than ZT1.5 in 129 mice. Thus,
the daily peak of POS phagocytosis after light onset will be missed entirely if samples are
collected only at ZT1.5. Moreover, it is critically important to be aware that relatively small
changes in sampling time between ZT1 and ZT1.5 will greatly affect rod POS phagosome
quantification. Sampling precisely at ZT1 will facilitate comparison of peak rod POS
phagocytosis in future studies comparing outer segment renewal among wild-type and
mutant mice.

Outer segment renewal involves synchronized collaboration of photoreceptors and
RPE cells. PS exposure by photoreceptor outer segments precedes and is a prerequisite
for POS phagocytosis. Exposure by the rod outer segment of PS is not cell-autonomous.
Modifications in RPE receptors or RPE ligand recognition have been shown to alter PS
exposure by outer segments although the missing proteins are not expressed by rods
themselves [13]. Here, we found that lower rod POS phagosome content at ZT1 was
matched by reduced frequency of PS-exposing outer segments in the retina of C57 mice.
Notably, the extent of PS exposure by individual rod outer segments was at least as robust
in C57 retina as in 129 retina, and in both strains, elongation of PS exposure along outer
segments decreased within 1 h after light onset (implying removal by phagocytosis of the
PS-exposing tip). Indeed, we did not observe principally different qualities or obvious
differences in rod POS phagosome size, distribution, or in appearance or distribution of
PS-exposing tips at any time point tested. Altogether, our data on PS exposure fully support
the interpretation of the rod POS phagosome quantification: compared to 129 retina, rod
POS turnover in C57 retina was attenuated after light onset but shows a second peak of
activity after dark onset as recently shown by others.

Earlier studies did not specifically investigate the diurnal rhythm of content of cone-
opsin-positive phagosomes in the RPE. However, we and others previously used commer-
cially available polyclonal antibodies to identify cone POS phagosomes in the RPE [16,18].
Here, we used this well-established methodology to label cone POS phagosome in the
same whole-mount samples used for rod POS phagosome quantification. Interestingly, we
did not find a difference in cone POS phagosome content between C57 and 129 mice. In
both mouse strains, cone POS phagosome numbers in the RPE were similar at ZT1 and
ZT1.5, and these morning numbers were about 4-fold higher than at similar times after
dark. While absolute numbers of cone POS phagosomes are necessarily low due to the
much lower abundance of cones than of rods, our data do not support a burst of cone POS
phagocytosis after dark onset in either C57 or 129 mice.

Our analysis of outer segment PS exposure in both strains showed that, after light
onset, fewer outer segments exposed PS in C57 than in 129 retina, and this resulted in fewer
rod POS phagocytosed by C57 RPE. The specific genetic differences in 129 mice underlying
the attenuated morning phagocytic peak in C57 RPE are not known at this time and will
likely require considerable effort to identify as genetic differences among these two and
other laboratory mouse strains are extensive [19].

C57 and 129 mice have been shown to differ in the RPE phagocytic machinery itself,
namely in expression of the receptor tyrosine kinase TYRO3, which may substitute for
the related MERTK in promoting POS engulfment by RPE cells [20]. However, the mod-
erate differences in morning peak size are unlikely to be caused by such differences in
phagocytic receptor expression. Signaling by the clock regulatory hormone melatonin has
been shown to play a role in the timing of the morning RPE phagocytic peak: knocking
out melatonin receptor type 2 but not type 1 in melatonin-proficient C3H-f mice caused
a phase advance in the peak of RPE phagocytosis [21]. Most commonly studied inbred
mouse strains, including C57- and 129-related strains, however, produce no or very low
levels of melatonin systemically and in the retina [22,23]. Earlier studies have revealed
genetic causes [24,25] and physiological consequences of insufficiency in melatonin of C57
mice specifically (recently reviewed in [26]). Published studies are in overall agreement
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that melatonin insufficiency may dampen rhythmic aspects of tissue physiology but does
not eliminate circadian processes including, notably, circadian changes in the RPE tran-
scriptome [27]. Further directly relevant to the present study, administration of exogenous
melatonin does not increase RPE phagocytosis at presumptive light onset when C57 mice
are housed in constant darkness, although it rescues circadian dopamine synthesis [28].
Much evidence, however, implicates dopamine in circadian regulation in C57 retina [29].
Indeed, C57 mice constitutively lacking expression of dopamine receptor 2 show constant
levels of rod POS phagosome numbers in the RPE at all sampling times including ZT1
and ZT14 [7]. Future studies will be needed to assess whether differences in regulation of
dopamine or its downstream signaling are directly relevant to the enhanced peak of rod
POS turnover in 129 mice. With respect to genes/proteins directly involved in circadian
regulation, RPE-specific knockdown of the essential clock gene Bmal1 was sufficient to
abolish rhythmic phagocytosis, while retina-specific knockdown of Bmal1 had no effect
on phagocytosis [5]. To our knowledge, 129 mice have not yet been studied specifically
with respect to circadian regulation in the retina. However, a recent study demonstrated
in adrenal glands and liver that the expression of core clock genes differs between C57
mice and 129/S2 mice [30]. Interestingly, this study found generally lower amplitudes of
clock gene expression in C57 mice and differences in expression of clock genes including,
intriguingly, Bmal1 [30]. Other studies showed differences in C57 mice compared to 129-
type sub-strains in free-running period, daily activity, and food intake [31–33]. It should
be noted that the numerous available 129 sub-strains also significantly differ from each
other in circadian activity [32]. Thus, additional studies are needed focusing specifically on
the sub-strain we explored, 129T2/SvEmsJ. Surely, direct comparison of circadian activity
monitoring and gene expression in the RPE and neural retina between 129T2/SvEmsJ and
C57 mice would be informative for future research, but these extensive tests are beyond the
scope of this brief report.

Altogether, our work shows strain-specific differences in the rhythm of rod outer
segment renewal between C57 and 129 mice. Albeit subtle, these changes are significant
in that they may complicate comparisons across strains. Whether or not the underlying
molecular mechanisms will be identified, knowledge of the specific time course of outer
segment renewal in the two widely used mouse strains explored here needs to be considered
when selecting sampling time points in future investigations.

Author Contributions: Conceptualization, J.A.V. and S.C.F.; experimentation and data analysis,
J.A.V.; data interpretation, J.A.V. and S.C.F.; manuscript writing—original draft preparation, J.A.V.;
writing—review and editing, S.C.F.; funding acquisition, S.C.F. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the National Institutes of Health, grant number EY026215 (to
SCF). S.C.F. holds the Kim B. and Stephen E. Bepler Professorship in Biology.

Institutional Review Board Statement: All animal experimentation was approved by the Institu-
tional Animal Care and Use Committee of Fordham University (B08-02R).

Data Availability Statement: Experimental data are available from the corresponding author
upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Young, R.W. The renewal of photoreceptor cell outer segments. J. Cell Biol. 1967, 33, 61–72. [CrossRef] [PubMed]
2. Young, R.W.; Bok, D. Participation of the retinal pigment epithelium in the rod outer segment renewal process. J. Cell Biol. 1969,

42, 392–403. [CrossRef] [PubMed]
3. Baba, K.; Goyal, V.; Tosini, G. Circadian regulation of retinal pigment epithelium function. Int. J. Mol. Sci. 2022, 23, 2699.

[CrossRef] [PubMed]
4. Vargas, J.A.; Finnemann, S.C. Probing photoreceptor outer segment phagocytosis by the RPE in vivo: Models and Methodologies.

Int. J. Mol. Sci. 2022, 23, 3661. [CrossRef] [PubMed]

http://doi.org/10.1083/jcb.33.1.61
http://www.ncbi.nlm.nih.gov/pubmed/6033942
http://doi.org/10.1083/jcb.42.2.392
http://www.ncbi.nlm.nih.gov/pubmed/5792328
http://doi.org/10.3390/ijms23052699
http://www.ncbi.nlm.nih.gov/pubmed/35269840
http://doi.org/10.3390/ijms23073661
http://www.ncbi.nlm.nih.gov/pubmed/35409021


Int. J. Mol. Sci. 2022, 23, 9466 9 of 10

5. DeVera, C.; Dixon, J.; Chrenek, M.A.; Baba, K.; Le, Y.Z.; Iuvone, P.M.; Tosini, G. The circadian clock in the retinal pigment
epithelium controls the diurnal rhythm of phagocytic activity. Int. J. Mol. Sci. 2022, 23, 5302. [CrossRef]

6. Milicevic, N.; Ait-Hmyed Hakkari, O.; Bagchi, U.; Sandu, C.; Jongejan, A.; Moerland, P.D.; Ten Brink, J.B.; Hicks, D.; Bergen,
A.A.; Felder-Schmittbuhl, M.P. Core circadian clock genes Per1 and Per2 regulate the rhythm in photoreceptor outer segment
phagocytosis. FASEB J. 2021, 35, e21722. [CrossRef]

7. Goyal, V.; DeVera, C.; Laurent, V.; Sellers, J.; Chrenek, M.A.; Hicks, D.; Baba, K.; Iuvone, P.M.; Tosini, G. Dopamine 2 receptor
signaling controls the daily burst in phagocytic activity in the mouse retinal pigment epithelium. Investig. Ophthalmol. Vis. Sci.
2020, 61, 10. [CrossRef]

8. Lewis, T.R.; Kundinger, S.R.; Link, B.A.; Insinna, C.; Besharse, J.C. Kif17 phosphorylation regulates photoreceptor outer segment
turnover. BMC Cell Biol. 2018, 19, 25. [CrossRef]

9. Moran, A.L.; Carter, S.P.; Kaylor, J.J.; Jiang, Z.; Broekman, S.; Dillon, E.T.; Gomez Sanchez, A.; Minhas, S.K.; van Wijk, E.; Radu,
R.A.; et al. Dawn and dusk peaks of outer segment phagocytosis, and visual cycle function require Rab28. FASEB J. 2022, 36,
e22309. [CrossRef]

10. Nandrot, E.F.; Kim, Y.; Brodie, S.E.; Huang, X.; Sheppard, D.; Finnemann, S.C. Loss of synchronized retinal phagocytosis and
age-related blindness in mice lacking αvβ5 integrin. J. Exp. Med. 2004, 200, 1539–1545. [CrossRef]

11. Sethna, S.; Chamakkala, T.; Gu, X.; Thompson, T.C.; Cao, G.; Elliott, M.H.; Finnemann, S.C. Regulation of phagolysosomal
digestion by caveolin-1 of the retinal pigment epithelium is essential for vision. J. Biol. Chem. 2016, 291, 6494–6506. [CrossRef]
[PubMed]

12. Olguin, V.; Duran, A.; Las Heras, M.; Rubilar, J.C.; Cubillos, F.A.; Olguin, P.; Klein, A.D. Genetic background matters: Population-
based studies in model organisms for translational research. Int. J. Mol. Sci. 2022, 23, 7570. [CrossRef] [PubMed]

13. Ruggiero, L.; Connor, M.P.; Chen, J.; Langen, R.; Finnemann, S.C. Diurnal, localized exposure of phosphatidylserine by rod outer
segment tips in wild-type but not Itgb5−/− or Mfge8−/− mouse retina. Proc. Natl. Acad. Sci. USA 2012, 109, 8145–8148. [CrossRef]

14. Mazzoni, F.; Tombo, T.; Finnemann, S.C. No difference between age-matched male and female C57BL/6J mice in photopic and
scotopic electroretinogram a- and b-wave amplitudes or in peak diurnal outer segment phagocytosis by the retinal pigment
epithelium. Adv. Exp. Med. Biol. 2019, 1185, 507–511. [CrossRef]

15. Mattapallil, M.J.; Wawrousek, E.F.; Chan, C.C.; Zhao, H.; Roychoudhury, J.; Ferguson, T.A.; Caspi, R.R. The rd8 mutation of
the Crb1 gene is present in vendor lines of C57BL/6N mice and embryonic stem cells, and confounds ocular induced mutant
phenotypes. Investig. Ophthalmol. Vis. Sci. 2012, 53, 2921–2927. [CrossRef] [PubMed]

16. Mazzoni, F.; Dun, Y.; Vargas, J.A.; Nandrot, E.F.; Finnemann, S.C. Lack of the antioxidant enzyme methionine sulfoxide reductase
A in mice impairs RPE phagocytosis and causes photoreceptor cone dysfunction. Redox Biol. 2021, 42, 101918. [CrossRef]
[PubMed]

17. Esposito, N.J.; Mazzoni, F.; Vargas, J.A.; Finnemann, S.C. Diurnal photoreceptor outer segment renewal in mice is independent of
galectin-3. Investig. Ophthalmol. Vis. Sci. 2021, 62, 7. [CrossRef] [PubMed]

18. Ying, G.; Boldt, K.; Ueffing, M.; Gerstner, C.D.; Frederick, J.M.; Baehr, W. The small GTPase RAB28 is required for phagocytosis of
cone outer segments by the murine retinal pigmented epithelium. J. Biol. Chem. 2018, 293, 17546–17558. [CrossRef]

19. Wang, J.R.; de Villena, F.P.; Lawson, H.A.; Cheverud, J.M.; Churchill, G.A.; McMillan, L. Imputation of single-nucleotide
polymorphisms in inbred mice using local phylogeny. Genetics 2012, 190, 449–458. [CrossRef]

20. Vollrath, D.; Yasumura, D.; Benchorin, G.; Matthes, M.T.; Feng, W.; Nguyen, N.M.; Sedano, C.D.; Calton, M.A.; LaVail, M.M.
Tyro3 Modulates Mertk-Associated Retinal Degeneration. PLoS Genet. 2015, 11, e1005723. [CrossRef]

21. Laurent, V.; Sengupta, A.; Sánchez-Bretaño, A.; Hicks, D.; Tosini, G. Melatonin signaling affects the timing in the daily rhythm of
phagocytic activity by the retinal pigment epithelium. Exp. Eye Res. 2017, 165, 90–95. [CrossRef] [PubMed]

22. Tosini, G.; Menaker, M. The clock in the mouse retina: Melatonin synthesis and photoreceptor degeneration. Brain Res. 1998, 789,
221–228. [CrossRef]

23. Goto, M.; Oshima, I.; Tomita, T.; Ebihara, S. Melatonin content of the pineal gland in different mouse strains. J. Pineal Res. 1989, 7,
195–204. [CrossRef] [PubMed]

24. Kasahara, T.; Abe, K.; Mekada, K.; Yoshiki, A.; Kato, T. Genetic variation of melatonin productivity in laboratory mice under
domestication. Proc. Natl. Acad. Sci. USA 2010, 107, 6412–6417. [CrossRef]

25. Ebihara, S.; Marks, T.; Hudson, D.J.; Menaker, M. Genetic control of melatonin synthesis in the pineal gland of the mouse. Science
1986, 231, 491–493. [CrossRef]

26. Pfeffer, M.; von Gall, C.; Wicht, H.; Korf, H.W. The role of the melatoninergic system in circadian and seasonal rhythms—Insights
from different mouse strains. Front. Physiol. 2022, 13, 883637. [CrossRef]

27. DeVera, C.; Tosini, G. Circadian analysis of the mouse retinal pigment epithelium transcriptome. Exp. Eye Res. 2020, 193, 107988.
[CrossRef]

28. Grace, M.S.; Chiba, A.; Menaker, M. Circadian control of photoreceptor outer segment membrane turnover in mice genetically
incapable of melatonin synthesis. Vis. Neurosci. 1999, 16, 909–918. [CrossRef]

29. Baba, K.; DeBruyne, J.P.; Tosini, G. Dopamine 2 receptor activation entrains circadian clocks in mouse retinal pigment epithelium.
Sci. Rep. 2017, 7, 5103. [CrossRef]

30. Kosir, R.; Prosenc Zmrzljak, U.; Korencic, A.; Juvan, P.; Acimovic, J.; Rozman, D. Mouse genotypes drive the liver and adrenal
gland clocks. Sci. Rep. 2016, 6, 31955. [CrossRef]

http://doi.org/10.3390/ijms23105302
http://doi.org/10.1096/fj.202100293RR
http://doi.org/10.1167/iovs.61.5.10
http://doi.org/10.1186/s12860-018-0177-9
http://doi.org/10.1096/fj.202101897R
http://doi.org/10.1084/jem.20041447
http://doi.org/10.1074/jbc.M115.687004
http://www.ncbi.nlm.nih.gov/pubmed/26814131
http://doi.org/10.3390/ijms23147570
http://www.ncbi.nlm.nih.gov/pubmed/35886916
http://doi.org/10.1073/pnas.1121101109
http://doi.org/10.1007/978-3-030-27378-1_83
http://doi.org/10.1167/iovs.12-9662
http://www.ncbi.nlm.nih.gov/pubmed/22447858
http://doi.org/10.1016/j.redox.2021.101918
http://www.ncbi.nlm.nih.gov/pubmed/33674251
http://doi.org/10.1167/iovs.62.2.7
http://www.ncbi.nlm.nih.gov/pubmed/33538769
http://doi.org/10.1074/jbc.RA118.005484
http://doi.org/10.1534/genetics.111.132381
http://doi.org/10.1371/journal.pgen.1005723
http://doi.org/10.1016/j.exer.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/28941766
http://doi.org/10.1016/S0006-8993(97)01446-7
http://doi.org/10.1111/j.1600-079X.1989.tb00667.x
http://www.ncbi.nlm.nih.gov/pubmed/2769571
http://doi.org/10.1073/pnas.0914399107
http://doi.org/10.1126/science.3941912
http://doi.org/10.3389/fphys.2022.883637
http://doi.org/10.1016/j.exer.2020.107988
http://doi.org/10.1017/S0952523899165106
http://doi.org/10.1038/s41598-017-05394-x
http://doi.org/10.1038/srep31955


Int. J. Mol. Sci. 2022, 23, 9466 10 of 10

31. Bachmanov, A.A.; Reed, D.R.; Beauchamp, G.K.; Tordoff, M.G. Food intake, water intake, and drinking spout side preference of
28 mouse strains. Behav. Genet. 2002, 32, 435–443. [CrossRef] [PubMed]

32. Lightfoot, J.T.; Leamy, L.; Pomp, D.; Turner, M.J.; Fodor, A.A.; Knab, A.; Bowen, R.S.; Ferguson, D.; Moore-Harrison, T.; Hamilton,
A. Strain screen and haplotype association mapping of wheel running in inbred mouse strains. J. Appl. Physiol. 2010, 109, 623–634.
[CrossRef] [PubMed]

33. Kiessling, S.; Ucar, A.; Chowdhury, K.; Oster, H.; Eichele, G. Genetic background-dependent effects of murine micro RNAs on
circadian clock function. PLoS ONE 2017, 12, e0176547. [CrossRef] [PubMed]

http://doi.org/10.1023/A:1020884312053
http://www.ncbi.nlm.nih.gov/pubmed/12467341
http://doi.org/10.1152/japplphysiol.00525.2010
http://www.ncbi.nlm.nih.gov/pubmed/20538847
http://doi.org/10.1371/journal.pone.0176547
http://www.ncbi.nlm.nih.gov/pubmed/28448626

	Introduction 
	Methods 
	Materials and Reagents 
	Animals 
	Whole-Mount Tissue Preparation, Immunofluorescence Labeling, and Microscopy 
	Live Imaging of Externalized PS at Outer Segment Tips 
	Statistical Analyses 

	Results 
	Significantly Higher Numbers at ZT1 but No Peak after Dark in Rod POS Phagosome Content in 129 RPE Compared to C57 RPE 
	Attenuated Frequency of Photoreceptor Outer Segments Exposing PS at Their Distal Tip in C57 Compared to 129 Mice 

	Discussion 
	References

