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Abstract

Supv3L1 is an evolutionarily conserved helicase that plays a critical role in the mitochondrial RNA
surveillance and degradation machinery. Conditional ablation of Supv3L1 in adult mice leads to
premature aging phenotypes including loss of muscle mass and adipose tissue and severe skin
abnormalities. To get insights into the spatial and temporal expression of Supv3L1 in the mouse, we
generated knock-in and transgenic strains in which an EGFP reporter was placed under control of
the Supv3L1 native promoter. During development, expression of Supv3L1 begins at the blastocyst
stage, becomes widespread and strong in all fetal tissues and cell types, and continues during postnatal
growth. In mature animals reporter expression is only slightly diminished in most tissues and
continues to be highly expressed in the brain, peripheral sensory organs, and testis. Together, these
data confirm that Supv3L1 is an important developmentally regulated gene, which continues to be
expressed in all mature tissues, particularly the rapidly proliferating cells of testes, but also in the
brain and sensory organs. The transgenic mice and cell lines derived from them constitute a valuable
tool for the examination of the spatial and temporal aspects of Supv3L1 promoter activity, and should
facilitate future screens for small molecules that regulate Supv3L1 expression.
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Introduction

The SUV3 gene was first described in yeast (Butow et al. 1989; Zhu et al. 1989; Conrad-Webb
etal. 1990), where the gene product was found to be localized in the mitochondrial matrix and
shown to display RNA helicase activity (Stepien et al. 1992). It is believed that together with
the ribonuclease DSS1, yeast SUV3 forms a RNA degradosome complex (Dziembowski et al.
2003) that is engaged in several key processes including mitochondrial RNA decay and
surveillance. The SUV3 gene was found to be conserved throughout evolution with orthologs
documented in bacteria, plants, nematodes, fruit fly and mammals (Dmochowska et al.
1999). The mammalian ortholog of the yeast SUV3 gene, Supv3L1, is a member of the Ski2
family of DExH-box RNA helicases capable to unwind both RNA/RNA and DNA/DNA
duplexes (Minczuk et al. 2002; Shu et al. 2004). It is believed to operate primarily in
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mitochondria although some evidence suggests it may also function in the nuclear compartment
(Shu et al. 2004; Minczuk et al. 2005; Szczesny et al. 2007). The primary molecular function
of Supv3L1 in mammalian cells appears to involve mtRNA processing (Wang et al. 2009). In
the absence of Supv3L1, aberrant mtRNA turnover has been shown to impair mitochondrial
protein synthesis, decrease ATP production, lower the mtDNA copy number and membrane
potential, and increase the generation of ROS, collectively leading to cellular senescence and
cell death (Khidr et al. 2008). We reported that mouse Supv3L1 is a developmentally essential
gene whose mutation leads to early embryonic lethality (Pereira et al. 2007). Subsequently,
using a conditional knockout strategy, we have shown that Supv3L1 plays critical role in adult
tissues (Paul et al. 2009) and its disruption leads to premature aging phenotypes such as
sarcopenia, loss of adipose tissue, kyphosis, skin defects and premature death.

The expression of Supv3L1 was assessed by Northern blotting in a small sampling of human
tissues (Dmochowska et al. 1999). However, a comprehensive examination of Supv3L1
expression patterns during development and in adulthood has not been undertaken in any
mammalian organism. To examine the spatio-temporal expression patterns of Supv3L1 in
developing embryos as well as adult mice, and to facilitate future non-invasive monitoring of
gene expression in a whole-animal model and isolated cell lines, we generated transgenic and
knock-in strains of mice in which the native Supv3L1 promoter drives the enhanced green
fluorescent protein (EGFP) reporter.

Materials and Methods

Targeting vector construction

Genomic DNA for vector construction was derived from the MICER MHPP321i21 vector,
obtained from The Welcome Trust Sanger Institute (Adams et al., 2004). The mouse genomic
segment of MHPP321i21 spans 7.6kb and includes exon 1 of the Supv3L1 gene. The final
targeting vector, pMEL, was obtained using recombineering methods (Liu et al. 2003; Warming
etal. 2005) and contains an enhanced green fluorescent protein (EGFP) coding sequence under
control of the Supv3L1 promoter (Fig. 1A) followed by a SV40 polyadenylation site and a
Neo/Kan resistance cassette. In this construct, the translation initiation codon of EGFP was
placed precisely in the position of the translation initiation codon of Supv3L1.

Generation of transgenic mice

Pronuclear injections were performed according to standard procedures (Palmiter and Brinster
1986; Hanahan et al. 1989; Beddington etal. 1992; Kollias and Grosveld 1992). pME1 plasmid
was digested with Ascl to remove the bacterial part of the sequence of the vector. The 10.7 kb
fragment containing the EGFP cassette (Fig. 1A) was used for injections of fertilized eggs
isolated from FVB/N mice. The strain carrying the transgene was designated as Tg(EGFP/
Supv3L1)-1.

Gene targeting of ES cells

1290Ia ES cells derived from a male embryo were grown on mitotically inactive SNL76/7
feeder cells. 107 ES cells were electroporated with 20pg of pME1 linearized with Ascl, and
G418 selection was initiated after 24 hours. 200-G418 resistant clones were selected for further
analysis. Correctly targeted ES cell clones (Fig. 1B and C) were identified as described
(Ramirez-Solis et al. 1995; Klysik and Singer 2005).

Generation of targeted mice

All breeding and procedures were carried out at the Brown University Animal Facility
according to institutional regulations and the NIH Guide for the Use and Care of Laboratory
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Animals. Targeted ES cells were grown to 80% confluency and used for injection. E3.5
blastocysts were isolated from C57BL/C2J female mice and injected with 20-25 ES cells. The
injected blastocysts were implanted into the uteri of day 2.5 pseudo-pregnant females for the
generation of chimeras. About 10 injected embryos were implanted per uterine horn. The male
chimeras were mated with C57BL/C2J females to obtain F1 progeny. Germ line transmission
of the targeted allele, designated Supv3L1™6K! (Fig, 1A), was obtained with several targeted
cell lines. Heterozygous Supv3L1t™M8! mice were maintained by mating with C57BL/C2J
animals.

Genomic DNA was prepared from ES cells, tail biopsies or tissues and PCR was performed
using primers a+b (CACGGCACTGCGTGCTTGGCAAGGCATAT and
GACAGAATAAAACGCACGGTGTTGGGTCGT). The expected size of the PCR product
detecting the targeted allele is 1268 bp. Amplification conditions consisted of an initial
incubation at 94°C for 2 min, followed by 35 cycles at 94°C for 30 sec, 60°C for 30 sec, and
72°C for 90 sec. Genotyping by Southern hybridization (Fig. 1B) was performed using a 288
bp PCR-generated probe (primers: ATGTCCGCACGCTGCGACTGTCGTCAGCC and
GGCTGACGACAGTCGCAGCGTGCGGACAT).

Timed matings

Matings were set up and the day on which the copulation plug was found was designated as
E0.5. To obtain one-cell, two-cell or blastocyst stage embryos, Supv3L1™M6k! males and wild-
type females were mated and embryos were released from the oviducts or uteri of pregnant
females. At later stages, embryos were dissected away from fetal membranes, washed in PBS
and used for DNA extraction, PCR analysis, and fluorescence detection. Tissues from
experimental and control littermate animals used in these studies were matched according to
sex and age.

Blastocyst outgrowth

Heterozygous males and wild-type females were mated and blastocysts were isolated from
pregnant females at E3.5. Blastocysts were cultured individually in ES cell medium without
LIF in a humidified incubator at 37°C and 5% CO,. Media were changed every other day. On
the fourth day, the cultures were washed with 5 ml of sterile PBS and used for the detection of
fluorescence.

Green fluorescence detection

Animals, embryos, dissected tissues, and tissue sections were photographed using a dissection
microscope equipped with GFP optics and a UV source. Visual genotyping was performed
using an external UV-light source and EGFP-goggles (BLS).

Western blots

Protein extracts were prepared using RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl,
1 mM EGTA, 1% NP40) supplemented with protein inhibitors (1 mM PMSF, 1mM Na3Vog,
1mM NaF). The lysates were then centrifuged for 40 minutes at 16,000 x g and 4°C, and the
supematants were collected and centrifuged a second time for 15 minutes at 16,000 x g and 4°
C. Total protein concentrations were determined using the Biorad D/C protein assay kit. The
extracts were mixed with Laemli sample buffer (containing SDS and p-mercaptoethanol) and
thirty micrograms of total protein per lane were electrophoresed on a 7.5% SDS-

polyacrylamide gel, transferred to Immobilon-P, and probed with rabbit anti-EGFP (Abeam)
or rabbit anti-mouse Supv3L1 antibodies. The Supv3L1 antibody was raised against a synthetic
peptide corresponding to the 15 C-terminal amino acids of the mouse protein (custom made,

Transgenic Res. Author manuscript; available in PMC 2010 August 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 4

Invitrogen). After probing with a secondary antibody, HRP-conjugated goat-anti rabbit 1gG
(Jackson Immunoresearch, Inc.), the filters were incubated with a chemiluminescent substrate
and exposed to KODAK Biomax film.

Tissue processing and staining

Tissues from experimental and control littermate animals used in these studies were matched
according to sex and age. Frozen skin sections were imaged for EGFP fluorescence and
subsequently processed for hematoxylin and eosin (H&E) staining. Eyes were enucleated, fixed
with 4% parafromaldehyde (PFA) and processed for sectioning and microscopy as described
(Khanna et al. 2009).

Results and Discussion

To assess whether the EGFP-reporter faithfully reflects the expression of the native Supv3L1
gene, Western blotting was performed on protein extracts from a variety of tissues of wild-
type and Supv3L1M6KI+ animals using both anti-mSupv3L1 and anti-EGFP antibodies (Fig.
2). Expression was evident in all tissues tested with both antibodies, and the highest levels of
Supv3L1and EGFP proteins were detected in the testes, spleen, thymus and muscle. Somewhat
lower expression was observed in the liver. Since the relative levels of the Supv3L1 and EGFP
proteins were very similar, the EGFP-reporter reflects closely the expression of a native gene.
Consistent with our prior studies (Paul et al. 2009) the presence of the Neo cassette in the
targeted locus appears to have no affect on Supv3L1 promoter activity.

Taking advantage of this EGFP reporter, paternally inherited Supv3L1 gene expression was
assessed at different stages of development. In timed mating experiments, heterozygous males
(Supv3L1M6eIKI/+) were crossed with wild-type females and fertilized eggs were isolated at E0.5
(Fig. 1A). Among 54 one-cell zygotes examined, none were found to express EGFP (Fig. 3A
and 3A’). Two-cell embryos isolated from oviducts at E1.5 (or obtained by overnight culture
of fertilized eggs) showed no EGFP fluorescence signal (Fig. 3B and 3B”). Thus, the reporter
gene is silent at these stages of development, or its expression is below the sensitivity of this
detection method. First signs of expression were seen at the blastocyst stage (E3.5). Although
the signal was weak, approximately 50% of blastocysts were found to display EGFP
fluorescence above background (Fig. 3C and 3C’). The signal was detectable both within the
inner cell mass and the trophectoderm. Blastocyst outgrowths in culture showed expression
primarily in inner cell mass derived cells, but weak fluorescence was also detectable in the
surrounding cells of the trophoblast lineage (not shown). Consistently, targeted ES cell clones
used to derive the Supv3L1M63I/+ F1 mice were found positive for EGFP-reporter expression
(not shown).

One-cell embryos (E0.5) obtained from matings of Supv3L1M6Kl/+ females and wild-type
males, in which the EGFP reporter is maternally transmitted, were uniformly EGFP positive
(Fig. 3D and D’), and high level expression continued at the two-cell stage (E1.5; Fig. 3E and
E’). Since half of these embryos do not carry the EGFP knock-in allele, the EGFP reporter
protein must have accumulated during pre-meiotic or meiotic divisions of oogenesis at which
cells of this lineage existed at 2N stage. High levels of EGFP persisted in the zygotic cytoplasm
until E1.5. At the blastocyst stage (E3.5), approximately half of these embryos were positive
for EGFP, showing low levels of expression similar to the paternally inherited allele (Fig. 3F
and F”). In this context, it might be important to note that meiotic reduction of 2N chromosomes
to N chromosomes in Supv3L1™M83KI/* mice does not affect the viability of gametes. Matings
of Supv3L 16K+ females with wild-type males as wells as matings of Supv3L1M6kI/+ males
with wild-type females both produced Supv3L1tM8kI/*+ and wild-type pups at the expected 1:1
Mendelian ratios.
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At later developmental stages, the expression patterns of the paternally and maternally
transmitted reporter alleles were indistinguishable (not shown). Paternally inherited expression
at the late primitive streak stage (E7.5) is shown in Fig. 4A, B and C. The expression is strong
in all cell layers, including extra-embryonic tissues such as the visceral yolk sac. As expected,
extra-embryonic tissues of maternal origin that do not carry the transgene, including spongy
layers of endometrial tissue, appeared negative. Widespread expression of the reporter
continued through the stage of 21-29 somites (E9.5; Fig. 4D and D’), 43-48 pairs of somites
(E11.5; Fig. 4E and E’), and 60 pairs of somites (E13.5; Fig. 4F and F’). The liver at E13.5
displayed detectable but lower fluorescence (Fig. 4F”). At E16.5 and at birth, all tissues
examined expressed the reporter (Fig. 4G and 4G’ and Fig. 4H and H’), including
extraembryonic membranes such as yolk sac (Fig. 41 and I”) and amnion (not shown).

Supv3L1 expression after birth was assessed by dissecting out a variety of organs from 5 days
old pups and examined for EGFP fluorescence emission. The EGFP reporter continued to be
expressed widely and was detectable in all organs examined. Relatively low fluorescence was
observed in the liver. The strongest expression of the reporter at 5 days of age was found in
the skin, skeletal muscle, heart, brain, and eyes (not shown).

This widespread expression continued into adult life. At 10 weeks of age EGFP emission was
detectable in all tissues tested (Fig. 5A), although the levels of fluorescence appeared somewhat
diminished in most of the organs relative to the expression seen at 5 days. The lowest signals
were seen in the liver, lung and skin, while the highest signals were found in the testes, brain,
eyes and thymus. The testes displayed the highest levels of EGFP fluorescence light emission,
suggesting an important role for Supv3L1 in the spermatogenetic proliferation of cells taking
place within the seminiferous tubules. The bright fluorescent eyes could actually be used for
visual genotyping of both the mature transgenic and knock-in mice using an external 488 nm
excitation source and EGFP-goggles. Expression of the EGFP reporter in coronal cross-
sections of the brain was widespread. However, the hippocampal formations, thalamus,
hypothalamus and amygdala were noticeably more fluorescent relative to the neocortices (not
shown).

While the EGFP reporter in the knock-in animals was integrated precisely into the Supv3L1
locus and is expressed from the native promoter, in the transgenic lines the genomic location
and copy number of the transgene are not known. In these animals the Supv3L1 promoter
sequence driving EGFP reporter expression is limited to 6.5 kb. Thus, it was of interest to
compare the EGFP reporter expression patterns in these two lines. Similar to the knock-in mice,
we found that the expression of the paternally transmitted reporter in the transgenic strain
begins early during development. One-cell fertilized eggs and two-cell embryos did not express
the reporter. The EGFP emission was detectable in blastocysts and became widespread at later
stages (not shown). With the exception of the testes, however, the intensity of reporter
expression in many tissues isolated from mature transgenic mice was found to be lower (Fig.
5B). In fact, lung, spleen, kidney and liver from 10 weeks old transgenic animals showed EGFP
emission close to the limit of detection. The reasons for the lower levels of EGFP reporter
expression in adult transgenic mice are not known at this time. Although the copy number of
the transgene has not been determined, pronuclear injection of DNA typically results in the
tandem integration of multiple copies. Thus, the copy number of the reporter is likely to be
higher in the transgenic mice relative to the single copy in knock-in animals. The factors
affecting the expression EGFP levels in the transgenic mice may include position effects at the
genomic locus of transgene integration (which is currently unknown), or promoter functions
that may be missing in the 6.5 kb sequence used to drive reporter expression.

Finally, we tested whether the levels of reporter expression in the knock-in animals were
sufficient to detect clear fluorescence signals in thin (5 microns) tissue cross-sections. The eye
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was chosen as an example of a highly fluorescent tissue and skin as an example of a tissue with
lover levels of the reporter expression. Fig. 6A and B demonstrate that EGFP fluorescence is
detectable in all layers of the skin relative to the wild-type skin (Fig. 6C and D). In the retina,
expression of EGFP was detected predominantly in the photoreceptor layer. As shown in Fig
6E and F, the EGFP was observed in the photoreceptor inner segment and the synaptic (outer
plexiform) layer. Photoreceptors are highly metabolically active neurons as they undergo
periodic outer segment disc shedding and renewal (Young 1976). Hence, photoreceptors
consume large amounts of ATP generated by oxidative phosphorylation in the mitochondrial
electron transport chain (Yu et al. 2001; Yu et al. 2005). The fact that mitochondria are
predominantly located in the photoreceptor inner segment (Hoang et al 2002; Perkins et al.
2003) is consistent with an important role of Supv3L1 in enabling high mitochondrial activity
during light-dependent signal transduction cascades.

In summary, we have generated both transgenic and a knock-in mouse strains that express an
EGFP reporter under control of the Supv3L1 promoter. We found that paternally inherited
reporter expression begins early in development, being first detectable at the blastocyst stage.
Abundant and widespread expression persists during all developmental stages as well as during
postnatal growth. Expression diminishes somewhat in most adult tissues, but it remains high
in testes, brain, and certain types of sensory organs and cells, such as the retina. The spatial
and temporal patterns of expression were indistinguishable in the transgenic and knock-in
animals. Expression levels were more faithfully maintained during adulthood in the knock-in
mice and this line is likely to produce more reliable results in future experiments. However,
both the transgenic and knock-in strains constitute valuable research tools that will facilitate
future non-invasive studies of the intriguing biology of Supv3L1 in whole animals, as well as
in ex vivo cell culture models derived from them.
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Figure 1.

Generating the knock-in EGFP allele (Supv3L1tMm6k!) (A) Genomic structure of the wild-type
Supv3L1 locus, targeting vector, and allelic modification generated in this study. Regions of
homology between the genomic sequence and the vector are shown in bold. Xmal, Xmal
restriction site; Spel, Spel restriction site; Pr, probe used in Southern blotting; EGFP, enhanced
green fluorescent protein coding sequence; SV40 polyA, SV40 polyadenylation signals;
Psvao, SV40 promoter; Kan'/Neo", neomycin/kanamycin resistance gene of Tn5; HSV TK
polyA, polyadenylation signals from the Herpes simplex virus thymidine kinase (HSV TK)
gene. Black boxes represent the first three exons of Supv3L1 (composed of total 16 exons).
Arrows indicate the direction of transcription. Arrowheads designate the positions of PCR
primers. (B) Southern hybridization analysis of targeted ES cells showing a correct integration
event at the 5” arm. Probe was generated by PCR using genomic DNA and primer pair ¢ + d

(ATGTCCGCACGCTGCGACTGTCGTCAGCC and

GGCTGACGACAGTCGCAGCGTGCGGACAT). (C) PCR analysis of a targeted ES cell
clone using primers a+b (CACGGCACTGCGTGCTTGGCAAGGCATAT and
GACAGAATAAAACGCACGGTGTTGGGTCGT) confirming correct integration event at

the 3’ arm.
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Figure 2.

Expression levels of Supv3L1 and EGFP reporter as assayed by Western blotting. (A) Tissue
extracts were prepared from 10 weeks old wild-type mouse and analyzed using rabbit antibody
against mouse Supv3L1. (B) Quantification of the data shown in (A) after correcting for loading
variations using GAPDH as an internal standard. The results represent an average of three gels
and are plotted in arbitrary units/mg of the protein extract. (C) Western blotting performed
using tissue extracts obtained from 10 weeks old targeted (Supv3L1tM6kI/*+) animal and rabbit
antibodies against EGFP. (D) Quantification of the data shown in (C) representing an average
of three gels.
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Figure 3.

The EGFP reporter expression at preimplantation stages. (A, A”) One-cell embryos derived
from matings of Supv3L1M6IKI/+ males and wild type females (paternal transmission of the
reporter allele). Note no detectable expression of the EGFP transgene. (B, B”) Two-cell
embryos derived from matings of Supv3L1™M63KI+ males and wild type females. Note no EGFP
expression. (C, C’) Blastocysts derived from matings of Supv3L1™M63/*+ males and wild type
females. Rectangles indicate examples of wild-type blastocysts negative for EGFP expression.
(D, D) One-cell embryos obtained from Supv3L1™M8K!/+ females mated with wild-type males
(maternally transmitted reporter). Note that all embryos are EGFP positive while only half of
them can be EGFP-transgene positive. (E, E’) Two-cell embryos derived from
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Supv3L1Mm6IKI+ females mated with wild-type males. Note that all E1.5 embryos are EGFP
positive while only half of them are positive for the transgene. (F, F’) Blastocysts isolated from
Supv3L1M6IKI+ females after mating with wild-type males (maternally transmitted reporter).
Roughly 50% of these balstocysts are EGFP positive and 50% are negative. One of each kind
is shown.
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Figure 4.

TP?e EGFP reporter expression in postimplantation embryos. (A) Supv3L1™M6KI+ empryo at
E7.5 (+/-) and wild-type embryo (wt) photographed in the bright field. (B) EGFP emission of
the same embryos shown in (A). (C) Merged images of (A) and (B). (D) EGFP expression in
wild-type (wt) and Supv3L1™M6KI+ (+/—) embryos at E9.5. (E) Fluorescent light emission in
wild-type (wt) and Supv3L1™M6IKI+ (+/-) embryos at E11.5. (F) Wild-type (wt) and
Supv3L1tM6IKI+ (+/—) embryos showing EGFP expression at E13.5. Note rather weak signal
in the area of the developing liver. (G) The EGFP reporter expression at E16.5. (H) The EGFP
reporter expression at birth. (1) Yolk sac from Supv3L1M6kK/* (+/—y and wild-type embryos
at E16.5.
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Figure 5.

(A) Expression of EGFP reporter in tissue dissected out from 10 weeks old wild-type (wt) and
Supv3L1tm6IKI+ (1+/-) male. Images were taken at the same conditions of magnification,
brightness, gain and exposure time, to reflect relative intensities of the fluorescence light
emission in different tissues. Note remarkably higher reporter expression in the brain, testes,
eyes, muscle and the thymus. (B) Relative expression levels of EGFP reporter in tissue
dissected out from 10 weeks old targeted (Supv3L1M6I/*+) and heterozygous transgenic (Tg
(EGFP/Supv3L1)-1) animals.
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Fig. 6.

Detecting EGFP emission in tissue sections. (A) H&E stained section of the skin derived from
Supv3L1m6IKI+ animal. (B) Fluorescent light emission from the same section before H&E
staining. Note that all cell layers including subcutaneous muscle fibers are positive. Bright
fluorescent spots on the epidermal side of the skin are the hair shafts. (C) H&E stained section
of the wild-type skin. Ad, adipose layer; Der, dermis; Ed, epidermis; Mf, subcutaneous muscle
fibers. (D) Same section before H&E staining that shows no EGFP emission. Bright spots on
the epidermal side of the crossection are the hair shafts that fluorize in the EGFP-independent
manner. (E) Fluorescent light emission in mouse retina cryosections and (F) co-staining with
hoechst (blue; nuclear stain). The signal is predominantly detected in photoreceptor inner
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segment (IS) and outer plexiform layer (OPL). OS: outer segment; INL: inner nuclear layer;
IPL: inner plexiform layer; GCL: ganglion cell layer.
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