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Abstract
In retinitis pigmentosa (RP), the death of cones normally follows some time after the degeneration
of rods. Recently, surviving cones in RP have been studied and reported in detail. These cones
undergo extensive remodeling in their morphology. Here we report an extension of the remodeling
study to consider possible modifications of spatial-distribution patterns. For this purpose we used
S334ter-line-3 transgenic rats, a transgenic model developed to express a rhodopsin mutation
causing RP. In this study, retinas were collected at postnatal (P) days P5–30, 90, 180, and P600.
We then immunostained the retinas to examine the morphology and distribution of cones and to
quantify the total cone numbers. Our results indicate that cones undergo extensive changes in their
spatial distribution to give rise to a mosaic comprising an orderly array of rings. These rings first
begin to appear at P15 at random regions of the retina and become ubiquitous throughout the
entire tissue by P90. Such distribution pattern loses its clarity by P180 and mostly disappears at
P600, at which time the cones are almost all dead. In contrast, the numbers of cones in RP and
normal conditions do not show significant differences at stages as late as P180. Therefore, rings do
not form by cell death at their centers, but by cone migration. We discuss its possible mechanisms
and suggest a role for hot spots of rod death and the remodeling of Müller cell process into zones
of low density of photoreceptors.
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A wide variety of mutations that affect rods in retinitis pigmentosa (RP) first lead to their
degeneration (Blanks et al., 1974; Farber and Lolley, 1974; Bowes et al., 1990; Rosenfeld et
al., 1992; Marc et al., 2003). Then rod degeneration frequently results in the death of cones,
although the extent of cone degeneration can vary between patients (Ripps, 2002; Delyfer et
al., 2004; Hartong et al., 2006) and animal models (Carter-Dawson et al., 1978; LaVail et
al., 1997). Eventually, these cones undergo almost complete degeneration in human and
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retinal degenerative animal models (Blanks et al., 1974; Berson, 1993; Chang et al., 1993;
Farber et al., 1994; Li et al., 1994; Milam et al., 1996, 1998). Thus, understanding the
cellular level of cones in degenerative animal models may influence therapeutic efforts of
cone repopulation, transplantation, and retinal prosthesis.

Recently, some studies have shown in detail remodeling of cones in retinal degenerate
animal models (Barhoum et al., 2008; Lin et al., 2009, Hombrebueno et al., 2010). In these
studies, shortening or loss of cone outer segments (COS), loss of their normal vertical
alignment, disorganization of axon terminals, and outgrowth of new processes from the cell
body and the axon process were reported. These cones maintained much of their abnormal
phenotype until postnatal (P)180 (Hombrebueno et al., 2010) of retinal degeneration.
Furthermore, past studies reported on the discrepancies in the quantity or the densities of
surviving M- and S-cones in different regions of the retinas of different retinal degenerate
animal models: ventral versus dorsal (LaVail and Battelle, 1975; Carter-Dawson et al., 1978;
Garcia-Fernandez et al., 1995; Jimenez et al., 1996; LaVail et al., 1997) and central versus
peripheral regions (LaVail et al., 1982; Lin et al., 2009; Hombrebueno et al., 2010).
However, the pattern of mosaic in which S- and M-cones are distributed in retinal
degenerative models is not well studied. Hence, the present work focuses on examining the
distribution patterns of cones in developing retinas of the S334ter-line-3 model. (This model
shall be referred to as the RP model in the rest of the article.) Because the maintenance of
prolonged survival of cones is important for the treatment of retinal degeneration, a
thorough understanding of mosaic formation by cones in the progression of the disease will
influence therapeutic efforts of cone repopulation, transplantation, and retinal prosthesis.

Materials and Methods
Animals

The third line of albino Sprague-Dawley rats homozygous for the truncated murine opsin
gene (stop codon at residue 334; S334ter-line-3) was obtained from M.M. LaVail
(University of California, San Francisco, CA). Homozygous S334ter-line-3 breeding pairs
were mated with normal Copenhagen rats to produce offspring heterozygous for the S334ter
transgene that was subsequently used in this study. Heterozygous animals were used instead
of homozygous in order to avoid any changes in the retina due to albinism (O'Steen and
Anderson 1972; O'Steen et al., 1974; Baker et al., 2005). A line of homozygous RP rats was
also kept in breed for comparison study. For control, age-matched Sprague-Dawley rats
(Harlan, Indianapolis, IN) were used. All rats were housed under cyclic 12/12-hour light/
dark conditions with free access to food and water. Both sexes of normal (control) and RP
rats were used. All procedures were in conformance with the Guide for Care and Use of
Laboratory Animals (National Institutes of Health, Bethesda, MD). The University of
Southern California Institutional Animal Care and Use Committee reviewed and approved
all procedures.

Tissue preparation
The animals at P5-30, 90, 180, and P600 were used (n = 15 for each stage). All animals were
dark-adapted for at least 1 hour prior to sacrifice in the dark. Animals were deeply
anesthetized by intraperitoneal injection of pentobarbital (40 mg/kg body weight) and the
eyes were enucleated. Animals were then killed with an overdose of pentobarbital. The
anterior segment and crystalline lens were removed and the eyecups were fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for 30 minutes to 1 hour at 4°C.
Following fixation, the retinas were carefully isolated from the eyecups and were transferred
to 30% sucrose in PB for 24 hours at 4°C. For storage, all retinas (for cryostat sections and
whole mounts) were then frozen in liquid nitrogen and stored at −70°C, thawed, and rinsed
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in 0.01 M phosphate-buffered saline (PBS; pH 7.4). For cryostat sections, eyecups were
embedded in OCT embedding medium (Tissue-Tek, Elkhart, IN), then quickly frozen in
liquid nitrogen and subsequently sectioned along the vertical meridian on a cryostat at a
thickness of 20 μm.

Immunohistochemistry
For fluorescence immunohistochemistry, 20-μm-thick cryostat sections were incubated in
10% normal goat serum (NGS; Jackson ImmunoResearch Laboratories, West Grove, PA;
dilution 1:1,000) or normal donkey serum (NDS, Jackson ImmunoResearch Laboratories;
dilution 1:1,000) for 1 hour at room temperature. Sections were then incubated overnight
with either marker for middle-wavelength-sensitive opsin (M-opsin) or short-wavelength-
sensitive opsin marker (S-opsin) or rhodopsin marker (Rho 1D4) or proliferating cell nuclear
antigen (PCNA). Each antiserum was diluted in PBS containing 0.5% Triton X-100 at 4°C.
Retinas were washed in PBS for 45 minutes (3 × 15 minutes) and afterwards incubated for 2
hours at room temperature in either carboxymethylindocyanine-3 (Cy3)-conjugated affinity-
purified donkey antirabbit IgG (Jackson ImmunoResearch Laboratories; dilution 1:500) or
carboxymethylindocyanine-5 (Cy5)-conjugated affinity-purified donkey anti-mouse IgG
(Jackson ImmunoResearch Laboratories; dilution 1:300) or Alexa 488 antigoat IgG
(Molecular Probes, Eugene, OR; dilution 1:300). The sections were washed for 30 minutes
with 0.1 M PB and coverslipped with Vectashield mounting medium (Vector Labs,
Burlingame, CA). For whole mount immunostaining the same immunocytochemical
procedures described above were used. However, we used longer incubation times with
primary antibodies (3 nights with anti-S-opsin, 2 nights with anti-M-opsin, rho 1D4, and
PCNA) and secondary antibodies (4 hours either with Alexa 488 donkey antigoat IgG or
with Cy3-conjugated donkey antirabbit IgG or Cy5-conjugated donkey antimouse IgG).

For double-label studies, whole mounts were incubated for 3 nights in a mixture of S-opsin
and anti-M-opsin markers. Incubation with these antibodies used 0.5% Triton X-100 in 0.1
M PBS at 4°C. After this incubation, whole mounts were rinsed for 30 minutes with 0.1 M
PBS. Afterwards, we incubated them with Alexa 488 donkey antigoat and Cy3-conjugated
donkey antirabbit IgG for 2 nights at 4°C. For triple-label studies, whole mounts were first
incubated for 2 nights in a mixture of anti-M-opsin and rho 1D4 antibody. Again, incubation
with these antibodies used 0.5% Triton X-100 in 0.1 M PBS at 4°C. After this, the whole
mounts were rinsed for 30 minutes with 0.1 M PBS before incubating them with Cy3-
conjugated donkey antirabbit IgG and Cy5-conjugated goat antimouse IgG for 2 nights at
4°C. Finally, the whole mounts were stained with terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL).

For nuclear layer staining, we used TOPRO-3 (Invitrogen, Carlsbad, CA; T3605, dilution
1:1,000). TOPRO-3 was incubated for 10 minutes then washed for 30 minutes with 0.1 M
PB and cover-slipped with Vectashield mounting medium. In controls, the primary antibody
was omitted from the incubation solution. Whole mounts were then washed again for 30
minutes with 0.1 M PB and coverslipped with Vectashield mounting medium. Sections and
whole mounts were then analyzed using a Zeiss LSM 510 (Thornwood, NY) confocal
microscope. Immunofluorescence images were processed in Zeiss LSM-PC software. The
brightness and contrast of the images were adjusted using Adobe Photoshop 7.0 (Adobe
Systems, Mountain View, CA). For presentation, all Photoshop adjustments (brightness and
contrast only) were carried out equally across sections.

Antibody characterization
Please see Table 1 for a list of all antibodies used.
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The M-opsin antiserum recognized a major band of 39 kDa molecular weight on western
blots of mouse retinal extract and stained the M-cones in mouse and rat retina (Zhu et al.,
2003; Xu et al., 2011; Lee et al., 2011). However, no western blot bands or immunostaining
was observed in a peptide-blocking assay, which applied an excess of the specific peptide
used to generate the M-opsin antibody (Zhu et al., 2003).

The S-opsin antiserum recognized a major band of ≈40 kDa and minor band of ≈42 kDa
molecular weight on western blots of normal mouse retinal extract (Sato et al., 2010) and
stained S-cones in mouse, rat, artiodactyl, and primate retina (Haverkamp et al., 2005;
Wässle et al., 2006; Schiviz et al., 2008; Hombrebueno et al., 2010; Ray et al., 2010; Lee et
al., 2011; Puller and Haverkamp, 2011). The staining pattern seen in our RP rat retina was
the same as in previous reports (refer to Hombrebueno et al., 2010; Lee et al., 2011).

The development of a cell line for the Rho 1D4 and the isolation of the antibody were
achieved by Dr. Robert Molday and coworkers (University of British Columbia,
Vancouver). Rho 1D4 antiserum recognized a band of ≈40 kDa molecular weight on
western blots of rat retinal extract (Li et al., 2003; Tanito et al., 2007), and stained a pattern
of cellular morphology in the RP rat retina that is identical with previous reports (Cideciyan
et al., 1998; Lee et al., 2011).

PCNA is a polymerase δ accessory protein (Tan et al., 1986; Bravo et al., 1987) and its
marker targets cellular DNA synthesis (Jaskulski et al., 1988). The PCNA antiserum
recognized a single band of 36 kDa molecular weight on western blot of rat retinal extract
(Gordon et al., 2002). Waseem and Lane (1990) produced the antiserum and found that it
stained the nuclei in an immortalized line of monkey epithelial cells. The antibody was later
used to mark proliferating cells in mouse (Rakoczy et al., 2003; Zeiss and Johnson, 2004;
Sigulinsky et al., 2008) and rat retina (Yamamoto et al., 1996). The pattern of cellular
morphology observed in the RP rat retina is identical with the aforementioned previous
reports.

Hematoxylin staining
The anterior segments of the eyeballs were removed and the eyecups fixed in 4%
paraformaldehyde in 0.1 M PB for 2 hours at 4°C. Following fixation, eyecups were then
washed by several changes of PB and transferred to 30% sucrose in PB for 5 hours at 4°C.
We then embedded the eyecups in OCT embedding medium (Tissue-Tek, Elkhart, IN). They
were next fast-frozen in liquid nitrogen and sectioned along the vertical meridian on a
cryostat at a thickness of 10 μm. We then collected sections on gelatin-coated slides for
hematoxylin staining and dipped them in hematoxylin for 5 minutes. They were then washed
in tap water, dehydrated in alcohol, cleared in xylene, and mounted in xylene-based medium
(Richard-Allan Scientific, Kalamazoo, MI).

TUNEL staining
Cell death was visualized by a modified TUNEL technique, according to the manufacturer's
instructions (In Situ Cell Detection kit, Boehringer Mannheim, Mannheim, Germany). The
P15 RP whole mount retinas harvested were incubated with proteinase K (10 μg/ml in 10
mM Tris/HCl, pH 7.4-8.0) for 10 minutes at 37°C. After rinsing in PBS the sections were
incubated with TUNEL reaction mixture (terminal deoxynucleotidyl transferase plus
nucleotide mixture in reaction buffer) for 60 minutes at 37°C. Sections were then washed
again for 30 minutes with 0.1 M PB and coverslipped with Vectashield mounting medium.

Ji et al. Page 4

J Comp Neurol. Author manuscript; available in PMC 2014 February 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Quantification and statistics
The size (n = 2 for all stages) and the total number (n = 3 for all stages) of rings formed by
M-opsin- and S-opsin-immunoreactive cones in RP retinas were measured at P30 and P90.
For P30 RP retinas (n = 3) the numbers of rings were also measured separately for the dorsal
and the ventral hemispheres (divided by an imaginary line running through the optic disc
horizontally). The size of the ring was defined as the mean distance of two cell bodies
separated in the opposite side of the arrangement, completely across the ring. For rings that
were not always completely circular in shape, the Zeiss LSM Image Browser Software was
used to estimate the largest and the smallest diameter for each ring and the values were
averaged to get the mean size of the ring. The total of 123 rings from P30 RP retinas and
148 rings from P90 RP retinas were arbitrarily selected for the measurement of their
diameters. The retinal-area for these retinas were also measured, P30 (n = 3), 180 (n = 2),
and P600 (n = 3) by ImageJ (National Institutes of Health, Bethesda, MD). In addition, the
total number of M-opsin- and S-opsin-immunoreactive cones in both normal and RP retinas
were manually counted at different stages: P30 (n = 2), 180 (n = 3) and P600 (n = 3). For
comparison study, the homozygous RP rat retinas (n = 2) were also examined for the total
number of M-opsin-immunoreactive cones at P180. Finally, both heterozygous and
homozygous RP retinas (n = 4 each) were examined to compare their densities of M-opsin-
immunoreactive cone cell body at P180 in whole mounts. An area of 0.16 mm2 in the
middle region of dorsal retina was selected from each retina for measurement. We made sure
that no more than three of what seemed to have been rings were within the tested areas. All
the measurements were expressed as mean ± standard errors. Student's t-tests were used to
examine the difference between two different means. The tests were performed with MatLab
v. 7.4.0 (MathWorks, Natick, MA) and all graphs were generated by Microsoft Excel
spreadsheet, 2010 (Redmond, WA). A difference between the means of separate
experimental conditions was considered statistically significant at P < 0.05.

Results
Remodeling of M-opsin-immunoreactive cones in developing RP retinas

Recently, S-opsin-immunoreactive cones were reported to undergo extensive morphological
modifications in RP retinas (Hombrebueno et al., 2010). We examined M-opsin-
immunoreactive cones in vertical sections of normal (N) and RP retinas at P15, 30, and P90.
In normal retinas at P15 (data not shown), P30, and P90 (data not shown), we observed M-
opsin immunoreactivity in the segments, cell bodies, axon processes, and pedicles of cones
(Fig. 1A). All M-opsin-immunoreactive cones were upright and vertically aligned. These
results are consistent with previous data (Rohrer et al., 2005; Fujieda et al., 2009;
Hombrebueno et al., 2010). The entire M-opsin-immunoreactive cones are labeled in RP
retinas (Fig. 1B–D). In P15 RP retina, M-opsin-immunoreactive cones were upright (Fig.
1B), similar to that seen in normal retinas. This image was taken from the central part of the
retinal section. The cone outer segments (COS) are shortened and distorted in orientation
(arrow) compared to that in normal condition. By P30, M-opsin-immunoreactive cones have
shortened remarkably in length, from the COS to the pedicle (Fig. 1C). The COS were
shortened and distorted. The overall orientation of some cones were not vertical but were
slightly aquiline/curved. By P90, all M-opsin-immunoreactive cones have lost their upright
orientation completely (Fig. 1D). All cones were positioned “flat” against the outer part of
the inner nuclear layer (INL). We also observed separate regions full of clusters of cell
bodies followed by regions devoid of cell bodies but rich in processes. These two regions of
different cellular structures alternated along the length of the vertical retinal sections.
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Reorganization of M-opsin- and S-opsin-immunoreactive cones in orderly array of rings
To investigate the distribution pattern of cones in RP retina, we used M-opsin and S-opsin
antibodies to identify cones in whole mount retinas. Figure 2 shows example of whole
mounts processed for M-opsin (Fig. 2A,D,G) and S-opsin (Fig. 2B,E,H) immunoreactivities.
The images were taken from the mid-peripheral part of the inferior (3 mm away from the
optic disk) of P90 normal (Fig. 2A–C) and P90 RP (Fig. 2D–I) whole mount retinas. The
results showed that there were more M-opsin-immunoreactive cones compared to S-opsin-
immunoreactive cones in all retinas. In P90 normal retinas, M-opsin- (Fig. 2A) and S-opsin-
(Fig. 2B) immunoreactive cones were distributed homogeneously throughout the retinas.
Double-labeling experiments showed no colocalization of M-opsin and S-opsin
immunoreactivity (Fig. 2C). In P90 RP retinas we observed strikingly different mosaic of
opsin-immunoreactive cones (Fig. 2D–F). M-opsin- (Fig. 2D) and S-opsin- (Fig. 2E)
immunoreactive cones were distributed in arrangements that resembled rings. When both M-
opsin and S-opsin immunoreactivity are shown together (Fig. 2F), one can see that M-opsin-
and S-opsin-immunoreactive cones formed rings at the same locations of the retina. A high-
magnification view of part of a ring marked by the inset rectangle revealed that M-opsin-
(Fig. 2G) and S-opsin- (Fig. 2H) immunoreactive cones share a specific orientation. Almost
all the COS and the cell bodies were near the rims of the rings, whereas the processes were
extended toward the center of the rings. Some M-opsin-immunoreactive cones and few S-
opsin-immunoreactive cones showed abnormal processes sprouting from either their cell
bodies or their axon processes. Double exposure showed how cell bodies were aligned very
close to each other (Fig. 2I). Also, there was no colocalization of M-opsin and S-opsin-
immunoreactive cones.

Cone rings are not associated with retinal foldings
We aimed to investigate whether cones rearranging themselves in rings have any
relationship with rosettes first described by Flexner (1891) and Wintersteiner (1897). Mostly
observed in retinoblastoma, rosettes are spherical folding of the ONL, mostly composed of
photoreceptors (Tansley, 1933; Ts'o et al., 1970; Gallie et al., 1999). In order to study
whether the arrangements of cones in rings in RP retinas reflect rosettes or not, we examined
for any presence of physical folding at the level of the ONL. Rings arranged of M-opsin-
immunoreactive cones were seen in P30 whole mount RP retina (Fig. 3A). Light
micrographs taken under differential interference contrast (DIC) mode at the same focal
plane as M-opsin-immunoreactive cones showed no obvious retinal folds (Fig. 3B). The
merged image of the two micrographs confirmed that rings in P30 RP retina were not
associated with physical foldings of the ONL of the retina (Fig. 3C). Similarly, rings of M-
opsin-immunoreactive cones in P90 RP retinas (Fig. 3D) were also not associated with
physical retinal foldings (Fig. 3E). The merged image of the two modes confirmed that rings
in P90 RP retina were not rosettes (Fig. 3F). In order to examine then in vertical sections, we
processed P15 and P30 retinal sections with hematoxylin stain. The result showed all the
retinal layers (Fig. 3G–J). Hematoxylin staining of P15 RP retinal sections showed multiple
rows of nuclei in the ONL (Fig. 3G). A high-magnification view of the ONL indicated
within the inset rectangle showed that its thickness along the length of the section was
uniform (Fig. 3H). However, multiple spaces empty of cell bodies were spotted within the
ONL (arrow). P30 RP retinal sections, on the other hand, indicated that the thickness of the
ONL was not uniform (Fig. 3I). Grooves were often observed in the ONL, as marked within
the inset rectangle. At the trough of the groove (arrow), cell bodies were lacking (Fig. 3J).
To study the arrangement of cell bodies in more detail, we processed P30 RP whole mount
retinas with antibodies against Mopsin plus TOPRO-3 nuclear stain. When the image was
taken at the level of the M-opsin-immunoreactive cell bodies at the ONL, nuclei at the
center of the ring were out of focus (Fig. 3K). A high-magnification view of the center of the
ring confirmed this (Fig. 3L). These nuclei were in the INL just below the level of M-opsin-
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immunoreactive cones. Such results suggest that the center of the ring is the trough of the
grooves seen in the vertical sections. Taken together, our rings are not the same as rosettes
in their physical architecture.

Clusters of cell death are observed inside the rings
We processed P15 whole mount RP retinas for M-opsin (Fig. 4A) with rhodopsin (Fig. 4B)
and TUNEL (Fig. 4C) labeling to observe the spatial correlation of cones, rods, and dying
rods. We observed colocalization of local zones with low densities of cones and rods (Fig.
4A,B,D). Triple labeling of M-opsin, rhodopsin, and TUNEL showed clusters of dying cells
inside zones with no cones and rods (Fig. 4D). Such clusters were consistent with our
previous study showing massive rod cell death around P15 (Ray et al., 2010; Lee et al.,
2011; Li et al., 2011). Hence, the holes emerged at least in part because of clusters of rod
death.

Rings first develop at around P15 and start to lose their form from around P180
In order to examine when the rings first develop and how they change over time, we
immunostained whole mount RP retinas at P5-30 (n ≥ 5), 180, and P600 (n = 3). The
distribution of M-opsin- and S-opsin-immunoreactive cones in P5-14 RP retinas (data not
shown) resembled that of in normal retinas (Fig. 2A-C). At P15, a small region of abnormal
distribution of cones was observed for the first time (Fig. 5A). The relative position of the
initial ring-formation in the retinas was random (data not shown). The immature ring in P15
was much smaller in size in comparison to ones found in later postnatal stages. A high-
magnification view showed that the orientation of all cones was the same as previously
observed; COS forming the rims of the rings and the other parts of the cones being near the
center of the rings (Fig. 5B). By P30, rings have grown larger in both their number and their
size (Fig. 5C). M-opsin- and S-opsin-immunoreactive cones formed rings at the same
regions in the RP retina. All cones had the same orientation and the center of the ring was
filled with processes (Fig. 5D). Compared with cones in P15 RP retinas, it was much easier
to view the entire cones (from the COS to the pedicle) in one focal plane, suggesting that
cones in P30 RP retinas were closer to losing their vertical alignment within the ONL. By
P180, rings have somewhat lost their shape (Fig. 5E). A higher-magnification view of a part
of what seemingly used to be a ring revealed that cones were comparatively more disorderly
(Fig. 5F). The orientation shared by all cones until P90 (Fig. 2I) was not as evident anymore.
Most processes were no longer extended straight toward the center of the ring, thereby
leaving a large area in the central zone of the ring devoid of cell processes. Most cones were
clustered together and were far from arranged in orderly array. In addition, new processes
emerged from either the cell bodies or from the remaining axon processes. Also, a lot of
cones had lost their COS. In P600 whole mount RP retinas, there were larger areas of space
devoid of M-opsin- and S-opsin-immunoreactive cones compared to P180 RP retinas (Fig.
5G). A higher-magnification view on some cones indicated that they have generated
extensive branches in their processes that were not typical in the morphology of normal
cones (Fig. 5H). Their morphology seemed to resemble bipolar or amacrine cells. Also, most
have lost their COS.

Rings in RP retinas grow significantly with age in both sizes and numbers
The sizes and quantities of rings at P30 and P90 were examined. We did not use P180
retinas for these measurements since the distribution pattern has mostly lost its form of rings
and we did not want to introduce personal sampling errors to data. Composite images of P30
(Fig. 6A) and P90 (Fig. 6B) whole mount RP retinas showing M-opsin immunoreactivity
were constructed. In all P30 RP retinas, more rings were observed in the peripheral region of
the retina compared to the areas closer to the optic disk. Also, when the mean total counts of
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rings in the dorsal region (138 ± 5; mean ± standard error) were compared with those in the
ventral region (54 ± 4; Fig. 6C), the dorsal region had a significantly greater number of rings
(P < 0.002, one-tailed Student's t-test). The dorsal and the ventral regions are shown as areas
divided by the dotted lines in Figure 6A. The mean total number of rings in P90 RP retinas
(350 ± 10) retinas was significantly larger compared to that in P30 RP retinas (191 ± 6, P <
0.003, one-tailed Student's t-test; Fig. 6D). By P90, rings were seen throughout the retina.
The mean diameter of rings formed by M-opsin- and S-opsin-immunoreactive cones were
significantly larger in P90 (275 ± 3 μm) compared to P30 (168 ± 1 μm, P < 7e-023, one-
tailed Student's t-test; Fig. 6E). These results showed that rings increase significantly in both
their mean size and their quantity between P30 and P90 with progression of the disease.

M-opsin and S-opsin-immunoreactive cones in RP retinas do not die until P180
We aimed to examine when cones degenerate in RP retinas. M-opsin- and S-opsin-
immunoreactive cones in P30, P180, and P600 normal and RP whole mount retinas were
counted (Fig. 7A). One-tailed Student's was used to test the significance between the
different means. In P30 normal retinas the mean total numbers of M-opsin- and S-opsin-
immunoreactive cones were 88,700 ± 700 and 35,000 ± 2,000 (mean ± standard error),
respectively. In P30 RP retinas, the mean total numbers of M-opsin and S-opsin-
immunoreactive cones were 87,000 ± 4,000 and 36,000 ± 4,000, respectively. These mean
counts for the normal and the RP retinas were not statistically significantly different. In
P180 normal retinas, the mean total numbers of M-opsin- and S-opsin-immunoreactive
cones were 88,600 ± 400 and 32,600 ± 100, respectively. In P180 RP retinas, the mean total
numbers of M-opsin- and S-opsin-immunoreactive cones were 87,500 ± 300 and 31,200 ±
700, respectively. Again, the test showed no significant differences between the counts in
the normal and RP retinas. In P600 normal retinas, the mean total numbers of M-opsin- and
S-opsin-immunoreactive cones were 70,000 ± 10,000 and 26,000 ± 7,000, respectively. The
decrease in the counts seen in P600 normal retinas compared to P30 and P180 normal retinas
were not statistically significant. In P600 RP retinas the mean total numbers of M-opsin- and
S-opsin-immunoreactive cones were 12,000 ± 2,000 and 9,100 ± 900, respectively. The
mean count for both M-opsin- and S-opsin-immunoreactive cones in the RP retinas were
significantly lower compared to the normal retinas (P < 0.004 and 0.04, one-tailed Student's
t-test). The counts for P180 RP retinas showed no significant difference from the counts for
P30 RP retinas. Taken together, these results suggest that cones of the S334ter-line-3
transgenic rat do not degenerate until after P180. However, a significant degree of
degeneration is detected by P600. Furthermore, we examined proliferating cells using PCNA
labeling in RP whole mount retinas (P15, 30, and 180). We have not observed proliferating
cells in RP retinas, certainly not within the arrangement of rings (data not shown). Hence,
the steady total cell counts mean that there has been no cone death in RP retinas until P180.

For control, we also measured the areas of the retinas used for counting cones to ensure that
no sampling errors occurred between the normal and the RP retinas (Fig. 7B). The mean
retinal areas for P30 normal and RP retinas were 24.5 ± 0.5 mm2 and 23.9 ± 0.6 mm2,
respectively. For P180 normal and RP retinas, they were 52 ± 1 mm2 and 51.7 ± 0.9 mm2,
respectively. And for P600 normal and RP retinas, they were 62 ± 3 mm2 and 63 ± 2 mm2,
respectively. Therefore, the retinas were shown to grow with age. However, the Student's t-
test (two-tailed) indicated no significant differences in the areas between the normal and the
RP retinas at all the postnatal stages measured. Hence, the drops in the P600 RP cone-counts
were neither due to selection of unusually small RP retinas nor due to shrinkage in their
areas due to disease.

To compare the morphology, distribution, and orientation of M-opsin-immunoreactive cones
in homozygous RP rat retinas with those in heterozygous RP rats, we processed their retinas
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using M-opsin antibody. The whole mount retinas from both heterozygous and homozygous
P20 RP rats (Fig. 7C, left panel) showed what we have previously observed (Figs. 2D–I, 5).
The COS of the M-opsin-immunoreactive cones were in the rim of the ring and the
processes were pointed toward the center of the ring (Fig. 7C). However, there were more
rings in homozygous retinas than in heterozygous ones (data not shown).

To compare the survival of M-opsin-immunoreactive cones in heterozygous and
homozygous RP retinas, we further counted the total number of the cells in the P180
homozygous RP whole mounts. The mean total number of M-opsin-immunoreactive cones
was 85,000 ± 2,000 (mean ± standard error). The two-tailed Student's t-test revealed that this
number was not statistically significantly different from that from P180 heterozygous
retinas. Furthermore, we examined the regional densities of the M-opsin-immunoreactive
cone cell bodies in heterozygous and homozygous RP rat retinas at P180. The mean density
of M-opsin-immunoreactive cone cell bodies in the dorsal wing in heterozygous RP retinas
was 310 ± 20. The mean density in the homozygous RP retinas was 290 ± 30. The two-
tailed Student's t-test indicated that the two density measures were not statistically
significantly different from each other.

Discussion
Remodeling of cone morphology in RP retinas

In the present study we observed entire parts of cones stained by S-opsin and M-opsin
antibodies in normal (Fig. 1A) and RP retinas (Fig. 1B–D). This expression pattern of cone
opsin proteins has been found in normal mice and rats (Rohrer et al., 2005; Fujieda et al.,
2009; Hombrebueno et al., 2010), retinal pigment epithelium-specific 65 kDa protein
(RPE65)-deficient mice (Rohrer et al., 2005; Karan et al., 2008; Zhang et al., 2008), cyclic
nucleotide gated channel alpha 3 (CNGA3)-deficient mice (Michalakis et al., 2005), and
guanylate cyclase (GC)-knockout mice (Karan et al., 2008). Such expression patterns aided
in examining how cones remodel in RP retinas as the disease progressed. We found that the
remodeling of M-opsin-immunoreactive cones was similar to that of S-opsin-
immunoreactive cones previously described in the same RP animal model (Hombrebueno et
al., 2010). Many of the main morphological changes we observed were also shared with
different animal models of RP. For example, the shortening and distortion of the COS
observed from P15 in our RP retinas (Fig. 1B), were reported also in rd1 mice from as early
as P8 (Fei, 2002; Lin et al., 2009), and in rd10 mice from around P30 (Barhoum et al.,
2008). The loss of the COS we observed at P90, 180, and P600 (Figs. 2I, 5F,H) was reported
in rd1 mice at P12 (Fei, 2002; Lin et al., 2009). The abnormal sprouting of processes from
either the cell bodies or the axon processes of M-opsin-immunoreactive cells (Figs. 2I,
5F,H) was also observed from S-opsin-immunoreactive cones in the same animal model
(Hombrebueno et al., 2010). Such abnormal sprouting from cones was also reported in rd1
mice (Fei, 2002; Lin et al., 2009). Furthermore, the loss of vertical alignment and
positioning of cones at the outer part of the INL (Fig. 1D) was described in P90 RP rats (S-
opsin-immunoreactive cones; Hombrebueno et al., 2010), and also in rd1 mice at P75 (Lin et
al., 2009). Thus, we can conclude that the way that cones remodel in RP rats is similar to
that seen in some other animal models of RP. It is likely that similar signal from the affected
cascade from mutation in RP initiate such morphological changes of cones.

Remodeling of the spatial distribution of cones into orderly array of rings in RP retinas
Contrary to the pattern of morphological remodeling that is shared across some animal
models of RP, the distribution pattern of cones in rings is not ubiquitous. We found orderly
array of rings formed by both M-opsin- and S-opsin-immunoreactive cones in S334ter-line-3
RP retinas (Figs. 2, 5). Such distinct distribution patterns of cones was also observed in
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human patients with eye disease due to retinal dystrophy, inherited retinal degeneration,
central ring scotomas, and genetic perturbations in the photopigment in M-cones (Carroll et
al., 2004; Choi et al., 2006; Duncan et al., 2007; Joeres et al., 2008; Rossi et al., 2011). In
these patients, circular areas of dark spaces or patchy regions on the ONL of their retinas
were observed. In addition, cyclin D1-deficient mice (Ma et al., 1998) showed “holes of
photoreceptors” that resemble our rings (Ma et al., 1998). We do not yet know why such
ring-like cone distribution is present in these various cases. Previously, Lee et al. (2011)
have hypothesized that remodeled Müller cell processes, which contribute to the formation
of the rings in S334ter-line3 RP retinas, are significant for the survival of the cones. Thus,
studying the cellular basis of ring formation in our RP model may help understand the
neural-glial interactions, survival, and reorganization of photoreceptors in some human
patients.

Possible reasons why rings were not observed in some other animal models of RP could be
due either to the way that different mutations affect photoreceptors or to the experimental
protocol used to reach the conclusion. If the degeneration rate is fast, and most rods and
cones die a short time after birth, such as in rd1 mice (Carter-Dawson et al., 1978; Jiménez
et al., 1996), cones may not have enough time to form rings. It could also be possible that
the period during which cones show rings before they quickly degenerate is short. Thus, if
an experiment sampled retinas at relatively coarse time bins, then it might not catch the
moment when rings are present. We have shown that our moderately slow-degenerative RP
rats represent an apt model to study the progression of cone spatial rearrangement into a
distribution pattern that is also reported in some important cases, including human patients.

Ring formation is triggered by rod deaths, not by the mechanical disruption of the ONL
cones in RP retinas begin forming rings at P15 (Fig. 5A). Because almost all pups used for
this experiment had opened their eyes at P16, patterned visual input does not appear to be
necessary for ring formation. One must thus find nonvisual, epigenetic mechanisms for the
emergence of rings. We observed numerous spaces empty of photoreceptor nuclei in the
ONL of P15 RP vertical retinal sections (Fig. 3H; arrow). And there were apoptotic cells in
the ONL of P15 RP whole mount retinas (Fig. 4C). These apoptotic cells are dying rod cells
as rod deaths but no cone deaths have been reported at around P15 in RP retinas (Li et al.,
2010; Ray et al., 2010; Lee et al., 2011). Previously, Ray et al. (2010) reported the largest
number of apoptotic cells in the ONL of RP retinas at P15. Our results indicated a close
temporal and spatial correlation of dying rods with cone rings formation. Where rings were
not present, rod death was scattered randomly in the retina (Fig. 4D). However, where a ring
was present, the focal death of rods was observed in a cluster (Fig. 4D). Taken together, our
results suggest that the clusters of rod deaths may be causing ring formation. Clusters of
photoreceptor deaths were also reported to lead to the formation of “holes of
photoreceptors” in cyclin D1-deficient mice (Ma et al., 1998). Rod degeneration in hot spots
could be due to local reduction of survival factors intrinsically secreted by rods after their
death (LaVail et al., 1998). Previous studies have also reported how degenerating rods can
often lead to apoptosis in their neighbors (Huang et al., 1993; Kedzierski et al., 1998).

Furthermore, our results also indicated that our rings were not formed by mechanical
collapse nor foldings of the ONL (Fig. 3A–J). Our rings were very regular and consistent in
terms of their spatial arrangement and orientation of cones (Fig. 2D–I). We have also
observed alternating regions full of cell bodies and regions full of processes along the length
of the RP vertical sections (Fig. 1D). Such preciseness suggests that rings are not formed by
mere mechanical disruption following rod loss. Continual expansion of rings in their
quantity and size until P90 (Fig. 6C–E), long after all rods are degenerated in RP retinas (Li
et al., 2010; Ray et al., 2010), also support this. In all, we can conclude that ring formation is
triggered by rod deaths not by the mechanical disruption of the ONL.
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Spatial and temporal distribution of rings in RP retina
Our results indicated that despite the initial formation of a ring being random in its relative
position in the RP retina at P15, there was a greater occurrence of rings in the peripheral and
dorsal regions at P30 (Fig. 6A,C) before spreading throughout the retina by P90 (Fig. 6B).
This may be due to the intrinsic disparity in these regions as previously described in rats
with retinal dystrophy (LaVail and Battelle, 1975). Previous studies have shown that the
degeneration of cones in the central retina precedes the peripheral region in rd1 mice
(Carter-Dawson et al., 1978; Lin et al., 2009). Also, hemispheric asymmetry in the number
of surviving cones was previously reported in rd1 mice (Garcia-Fernandez et al., 1995;
Jimenez et al., 1996; LaVail et al., 1997). These studies reported slower rate of cone
degeneration in the dorsal retina compared to the ventral retina. Therefore, it is possible that
ring formation is also influenced by the same mechanisms that induce such regional
differences in survival of cones. Further studies are required to examine whether cones
survive better in these regions in late stage of RP.

No cone degeneration until rings start to lose their form
Interestingly, our total cone cell body counts indicated no cell death until P180 (Fig. 7A)—
that is, until when rings start to lose their clear form and cones lose their specific orientation
(Fig. 5E–H). The growth in the retinal area we observed from P30 to P600 in both normal
and RP rats (Fig. 7B) is consistent with previous studies (McCall et al., 1987; Harman et al.,
2003). Thus, no sampling errors were introduced to our cone counts. We also did not
observe proliferating cells in the ONL of RP retinas at P15, 30, and 180 (data not shown).
Proliferation of photoreceptors from P15 was also not reported in any RP models. Although
Müller cells are known to exhibit some neuronal stem cell properties (Fischer and Reh,
2001, 2003; Ooto et al., 2004), Müller cells transdifferentiating into photoreceptors was not
reported to date in mammalian retinas. Hence, these findings collectively indicate that there
was no cone degeneration until P180. This was reported otherwise in Li et al. (2010). Li et
al. (2010) immunostained cones in homozygous S334ter-line-3 rat retinas using peanut
agglutinin (PNA, marks COS) and cone arrestin (CAR, marks entire cones). Li et al. (2010)
supported cone death using their evidence of falling COS densities and weakening of CAR
immunoreactivity with the progression of the disease. However, for examining the
degeneration of cones it is more accurate to measure by cone cell bodies rather than by the
COS, as many cones were found to lose their COS in later stages (Figs. 2I, 5F,H). Also, one
needs to take extra caution when measuring the density instead of the total cell counts in the
RP retinas because the distribution of cones is not homogenous. Depending on which
regions you select for measurement, the density may vary.

We have neither observed significant differences in the total number of M-opsin-
immunoreactive cones nor observed differences in their cell body densities in heterozygous
versus homozygous P180 RP retinas (Fig. 7D). Hence, some discrepancies between Li et al.
(2010) and our study could have been due to different staining protocols. If the staining was
relatively weaker, the cellular structures inside the rings could have been difficult to discern.

Taken together, our data suggest that the formation of rings is not a product of secondary
degeneration of cones.

Possible mechanisms underlying reorganization of cones in rings in RP retinas
The absence of cone degeneration and proliferation until P180 (Fig. 7A) and their expansion
in rings (Fig. 6D,E) suggest that cones are migrating. As to how the cones may migrate, one
mechanism was proposed by Lee et al. (2011). In their study, they showed that remodeled
processes of Müller cells filled the inside of the rings. Also, the cone processes in RP retinas
were intertwined with the processes of Müller cells (Lee et al., 2011). Moreover, when glial-
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cell toxin DL-alpha-aminoadipic acid (AAA) was injected intravitreally, the rings
disappeared (Lee et al., 2011). These results suggest that Müller cells interact with cones,
compelling them to migrate into the array of rings in RP retinas. Another significant finding
regarding Müller cells was reported by Xia et al. (2011). They applied intravitreal injection
of Oncostatin M (OSM), a member of the IL-6 family of cytokines (Rose and Bruce, 1991),
to P20 and 35 homozygous RP rats and observed the abolishment of rings. Xia et al. (2011)
interpreted the resulting homogenous immunoreactivity of cones as OSM protecting and
regeneration the COS of cones inside the rings. They also reported that the effects of OSM
on cones were mediated by Müller cells. Because we do not normally observe cone cell
death in RP retinas until P180, our data suggest that OSM is not inducing further survival of
photoreceptors in the Xia et al. study (2011). An alternate interpretation of their and our data
is that OSM causes the redistribution of cones, perhaps by regulating tight junctions between
Müller cells and cones (Lee et al., 2011). The disappearance of rings upon application of
OSM could have been due to loosening of tight junctions between Müller cells and cones.
Several past studies have reported on the role of cytokines on tight junction alteration in
retina (Zech et al., 1998; Abe et al., 2003; Villarroel et al., 2009; Aveleira et al., 2010).

At P600, we observed significant cone death in RP retinas (Fig. 7A). The decline of the total
cone number in the normal retinas at P600 compared to those at their earlier stages (Fig. 7A)
was statistically not significant and was probably due to the effect of aging (McCall et al.,
1987; Dorey et al., 1989; Harman et al., 2003). Cones in rings maintained their abnormal
phenotypes for prolonged periods until their degeneration (Fig. 5F,H). Such extended cone
survival in RP retinas long after massive rod death was previously reported. In rd1 mice,
cones were reported to survive up to at least 18 months (Carter-Dawson, 1978). There must
be some mechanisms that help cones survive for long periods in harsh conditions. An
intriguing possibility is that close-gathering of cones may aid in their survival. Within rings,
cones are aligned very close to one another (Fig. 2I). This may allow them better share of
self-secreted trophic factors. Future studies on the effects of different distribution pattern of
cones on their survival in RP should enlighten what possible effects rings may have on
cones and what mediates their rearrangement. Understanding whether and how rings in RP
retinas improve the survival of cones would provide the scientific and clinical communities
with better knowledge of how to prolong cone survival in RP.
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Figure 1.
Confocal micrographs taken from vertical sections of retinas processed for M-opsin
immunoreactivity. The micrographs are for P30 N (A), P15RP (B), P30RP (C), and P90 RP
(D). In P30 N retinas, entire M-opsin-immunoreactive cones are labeled. In P15 RP retinas,
the OS are distorted in orientation (arrow). In P30 RP retinas, M-opsin immunoreactive
cones are shortened in length and show disorganized axon terminals (C). In P90 RP retinas,
M-opsin-immunoreactive cones are positioned “flat” against the outer part of the INL. ONL,
outer nuclear layer; OPL, outer plexiform layer; INL, Inner nuclear layer; OS, outer
segment; N, normal; RP, retinitis pigmentosa. Scale bars = 20 μm.
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Figure 2.
Confocal micrographs taken from whole mounts processed for M-opsin and S-opsin
immunoreactivities. Low-power micrographs illustrate the homogeneous distributions of M-
opsin (A) and S-opsin (B) cones in P90 normal retina. Double exposure (C) demonstrates no
colocalization of M-opsin and S-opsin immunoreactivity. Low-power micrographs show
that M-opsin (D) and S-opsin (E) cones in P90 RP retinas exhibit spatial organizations in
matrices of rings. Double exposures (F) demonstrates that both types of cones form rings at
the same locations in the RP retinas. High-power micrographs of part of a ring marked with
inset rectangles in D–F, are shown in G–I, respectively. The orientation of M-opsin (G) and
S-opsin (H) immunoreactive cones in rings are shown. Double exposures (I) demonstrates
the same orientation of M-opsin and S-opsin cones. Scale bars = 100 μm. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3.
Confocal micrograph taken from P30 (A–C) and P90 (D–F) whole mount RP retinas
processed for M-opsin immunoreactivities showing rings in their distribution (A,D). Light
micrograph taken at the same retinal location under DIC mode shows no retinal folds (B,E).
Double exposure (C,F) confirms no retinal folds are associated with rings. Light
micrographs taken from RP vertical retinas processed with hematoxylin staining (G–J). At
P15, the thickness of the ONL is uniform (G). H: Higher-power micrograph of G is shown.
At P30, the ONL show “grooves.” J: Higher-power micrograph of groove is shown. No
nuclei are visible at the trough of the groove (arrow). Confocal micrograph taken from P30
whole mount RP retina processed with M-opsin antibody (red) and TOPRO-3 (blue). Nuclei
at the center of the ring are not in the same focal plane as M-opsin-immunoreactive cones
(K). L: Higher-power micrograph of K is shown. DIC, differential interference contrast;
ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer. Scale bars = 100 μm in A–J; 50 μm in K,L. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4.
Confocal micrograph taken from P15 whole mount RP retinas processed for M-opsin (A),
rhodopsin (B) immunoreactivities and for apoptotic cells (C). Triple exposure (A–C)
indicates a cluster of apoptotic cells inside the ring. Where rings are not observed, apoptotic
cells are scattered randomly. Scale bar = 100 μm. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Figure 5.
Confocal micrograph taken from whole mount RP retina processed for M-opsin (red) and S-
opsin (green) immunoreactivities at P15 (A,B), 30 (C,D), 180 (E,F), and P600 (G,H).
Double exposure shows a ring of M-opsin and S-opsin immunoreactive cone at P15 (A). A
higher-power micrograph of a ring is shown (B). It illustrates the change of orientation of
cones; starting to lie flat with their processes pointing toward the center of the ring. Many
rings are visible by P30 (C). D: Higher-power micrograph of a ring is shown (C). All the
COS and the cell bodies are near the rims of the rings, whereas the processes are pointing
toward the center of the ring. At P180, rings start to lose their form (E). Higher-power
micrograph of a part of what probably used to be a ring reveal M-opsin- and S-opsin-
immunoreactive cones are no longer organized in the previously observed orientation (F). A
lot of cones show growth of abnormal processes and loss of their OS. At P600, rings are no
longer clear (G). Higher-power micrograph illustrates the cones' extensive growth of
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processes and their loss of OS (H). Scale bars = 100 μm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 6.
Composite image of confocal micrographs taken from the whole mount RP retinas
processed for M-opsin immunoreactivities at P30 (A) and at P90 (B). At P30 there are
comparatively more rings in the dorso-peripheral region of the retina. At P90 rings are seen
throughout the entire retina. A graph of the mean total number of rings versus retinal regions
of the P30 RP retinas (n = 3) suggest significantly greater number of rings in the dorsal
region of the retinas compared to the ventral region (C). A graph of mean total number of
rings versus postnatal age (n = 3; D) and a graph of mean diameter of rings (μm) versus
postnatal age (n = 2; E) indicate rings grow both in their number and size from P30 to P90.
Data presented as mean ± standard error. *P < 0.005 or better. Scale bars = 1 mm.
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Figure 7.
A graph of mean total number of immunoreactive cells versus postnatal age (A) shows no
significant differences between the normal and the RP retinas at P30 (n = 2) and P180 (n =
3). Significant reduction is seen in P600 RP retinas (n = 3) for both M-opsin- and S-opsin-
immunoreactive cone counts. A graph of RP retinal area (mm2) versus postnatal age
indicates growth of retina in size with age (B: P30, n = 3; P180, n = 2; P600, n = 3). There
are no significant differences in the retinal area between the normal and the RP retinas.
Confocal micrographs taken from whole mount heterozygous (left) and homozygous (right)
RP retinas processed for M-opsin immunoreactivities (C). Both show the same morphology,
arrangement, and orientation of M-opsin-immunoreactive cones—the COS forming the rim
of the ring and their processes in the inside of the ring. The densities of M-opsin-
immunoreactive cones cell bodies in the dorsal wing of P180 heterozygous and homozygous
RP retinas (n = 4 each) indicated no significant difference (D). Data presented as mean ±
standard error. *P < 0.005 or better. Scale bar = 100 μm.
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Table 1
Primary Antibodies

Antigen
(what is
being
stained for)

Immunogen (what the antibody was raised against; full
sequence and species)

Manufacturer, species antibody was
raised in, mono- vs. polyclonal,
catalog or lot number Dilution used

M-opsin 14 amino acids of mouse M-opsin peptide (residues 3-16,
QRLTGEQTLDHYED; Zhu et al., 2003)

Gift of Dr. C. Craft, Doheny Eye
Institute, University of Southern
California, Los Angeles, rabbit
polyclonal

1:2,000

S-opsin 20 amino acids synthetic peptide
(EFYLFKNISSVGPWDGPQYH) within the first 50 amino acids
at the N-terminus of the human S-opsin (Schiviz et al., 2008)

Santa Cruz Biotechnology, Santa Cruz,
CA, goat polyclonal, # SC-14363

1:1,500

Rho 1D4 9 amino acids of the carboxy-terminal segment of bovine
rhodopsin (TETSQVAPA; Molday and MacKenzie, 1983)

Gift of Dr. B. Thomas, Doheny Eye
Institute, University of Southern
California, Los Angeles, mouse
monoclonal

1:100

PCNA 10 amino acids synthetic peptide (LVFEAPNQEK) of the rat
PCNA (Waseem and Lane, 1990; Zabouri et al., 2011)

Dako, Carpinteria, CA, Clone PC10,
mouse monoclonal, #M0879

1:100
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