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Purpose: The mouse retina is considered a remarkable model for studying gene
functions. However, variations in genetic background influence phenotypes in the
mammalian retina. Therefore this study aimed to investigate the effects of the genetic
background on the nuclear architecture of photoreceptor cells and the light-induced
behavior in C57BL/6, 129 × 1/svj, and ICR mice.

Methods: The nuclear architecture of photoreceptor cells was investigated using
various staining methods on postnatal day 21 (P21). Murine behavior was observed
using a light-dark compartment test.

Results: The outer nuclear layer and retina were significantly thicker in C57BL/6 mice
than in 129 × 1/svj mice. The percentage of photoreceptors with one chromocenter
was significantly higher in C57BL/6 mice than in 129 × 1/svj and ICR mice on P21. The
numbers of photoreceptor cells in C57BL/6 and ICR mice were significantly higher than
those in 129 × 1/svj mice. The behavior test revealed that the walking distance and
velocity in the light compartment were increased in C57BL/6 and ICR mice compared
to 129 × 1/svj mice.

Conclusions: Different mouse strains had a distinct nuclear architecture of photore-
ceptors on P21, and C57BL/6 and ICR mice were more active than 129 × 1/svj mice in
response to light-induced stress.

Translational Relevance: This study demonstrates a technique for assessing retinal
structures and nuclear architecture in various strains of mice, which are often used
to model human retinal disease. Hence, this study may help to elucidate the effect
of genetic or disease-induced variance in retinal architecture and the organization of
photoreceptor nuclear content on visual function in humans.

Introduction

Duplex retinas, which consist of both rod and
cone photoreceptors, are considered to exist in all
vertebrates.1,2 Mice have a rod-dominated retina; the
percentage of cones is approximately 1% to 10%
because of the nocturnal behavior of mice.3–6 Further-
more, Solovei et al.7 showed that the nuclear architec-
ture of rod photoreceptor cells in nocturnal mammals
is radically different from that in diurnal mammals.
Rod photoreceptor cells of diurnal retinas have the
conventional architecture with euchromatin located in

the interior part of nuclei and heterochromatin resided
in the periphery of the rod nuclei. By contrast, rods
of nocturnal retinas have an inverted pattern with
heterochromatin located in the nuclear center, whereas
euchromatin is found near the nuclear border.7

Compared to euchromatin, heterochromatin is
more condensed and predominantly located near the
nuclear envelope and thus less available to transcrip-
tion factors.8,9 Although nuclear architecture in differ-
ent cell types can significantly differ in detail, the above-
mentioned pattern is evolutionarily conserved from the
unicellular to multicellular organisms.7,10 The crucial
role that the spatial arrangement of chromatin plays in
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transcriptional regulation may account for the evolu-
tionary stability of the nuclear architecture.11,12 In
the transcription process, genes at the nuclear periph-
ery are repositioned to the interior where they are
transcribed.13 In light of the essential role of the
nuclear architecture in regulating nuclear functions, the
inverted pattern of the chromatin distribution inmouse
rod photoreceptors can influence the transmission of
light through the outer nuclear layer (ONL).7 The rod
photoreceptors work as collecting lenses that improve
the optical transmission of themouse retina.7,14 Subra-
manian et al.14 further demonstrated that the inverted
nuclei with their forward scattering properties predom-
inantly restrain light scattering by nuclear substructure
towards large angles, thereby improving image veil and
retinal contrast transmission.

The differences in the nuclear architecture of rod
photoreceptor cells between diurnal and nocturnal
mammals have been well documented.7 Within a given
species, the retinas of distinct subpopulations have
different susceptibilities to fundus diseases, which is
probably not only because the complex polygenic
factors, epigenetics, or risk factors from other chronic
conditions but also because the subtle differences in
their retinal structure and function.15–18 Friedman
et al.19 reported that more than 40 years old White
people are more likely to have late age-related
macular degeneration than age-matched Black people.
Likewise, the genetic background has also been
reported to affect light-induced retinal damage in both
mice20 and rats.21,22 LaVail et al.20 investigated the
sensitivity to light-induced photoreceptor degenera-
tion in seven different inbred strains of albino mice
and found that different inbred strains of mice exhib-
ited a broad range of sensitivities to light-damaging
effects. Tremblay and colleagues compared the differ-
ence in protective effects of a blueberry-enriched diet
on the retina exposed to bright light between albino
Wistar and pigmented Brown Norway rats.22 Their
results showed that this dietary intervention protected
albino Wistar rats’ retina from light damage, whereas
this did not occur in Brown Norway rats.22 Compar-
ing photoreceptor cell death after retinal detach-
ment, Matsumoto et al.23 reported that the genetic
background exerted an influence on photoreceptor cell
death after retinal detachment in C57BL/6, BALB/c,
and B6129SF2 mice. They found that the inflamma-
tory response, nerve growth factor expression, ratio of
outer nuclear layer to inner nuclear layer, apoptotic
and autophagic signaling, and inhibition of apoptosis-
related proteins after retinal detachment differed signif-
icantly among these three inbred mouse strains.23

To date, possible differences in the nuclear architec-
ture of photoreceptor cells and light-induced behav-

ior among different mouse strains have not yet been
investigated. Therefore we chose pigmented C57BL/6
mice and albino 129 × 1/svj and ICR mice, which
are commonly used for gene-targeting research today.
These mice differ in gene expression and behavioral
phenotypes,24,25 efficacy of physical exercise, adult
neurogenesis,26 numbers of retinal ganglion cells,27
and fundus and retinal thickness.28 The present study
analyzed the differences in the thickness of the
ONL and the whole retina, nuclear architecture of
photoreceptor cells, and light-induced behavior among
C57BL/6, 129 × 1/svj, and ICR mice to provide a solid
theoretical basis and methodological reference for the
phenotypic analysis of the visual system of these differ-
ent mouse strains.

Materials and Methods

Animals

Male C57BL/6, 129 × 1/svj, and ICR mice were
bred by the Animal Facility of Tsinghua Univer-
sity. All animal experiments were conducted accord-
ing to relevant institutional guidelines and laws, and
the animal care procedures were strictly in accordance
with the regulations of the Institutional Animal Care
and Use Committee of Tsinghua University. All study
protocols adhered to the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research.

Hematoxylin and Eosin and
3,3′-Diaminobenzidine
Immunohistochemistry

The pattern differences between nocturnal and
diurnal mammals regarding their nuclear architecture
of rod cells have been investigated in detail.7 However,
little is known about the differences in the nuclear
architecture of rod photoreceptors in different mouse
strains. In the present study, the nuclear architecture
of photoreceptor cells was compared among C57BL/6,
129 × 1/svj, and ICR mice. Mice open their eyes on
postnatal day (P) 13, the retinas mature on P21, and
sexual maturity is reached on P28.7,29 Therefore the
photoreceptor cells were assessed on P14, P21, P28,
and at six weeks in C57BL/6, 129 × 1/svj, and ICR
mice.

Mice were sacrificed, and their eyes were harvested
on P14, P21, and P28, and at week six. The eyeballs
were fixed in a fixative solution as reported earlier30
(glacial acetic acid: formalin: 0.9% sodium chloride:
75% alcohol; 1:2:7:10) for 24 hours and embed-
ded in paraffin. Then, 5 μm sections were cut, and
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serial sections of 5 μm paraffin-embedded tissues
were prepared. Paraffin sections were subsequently
rehydrated in a descending series of ethanol concen-
trations (from 100% to 50%). Then, the eye tissue
sections were placed in hematoxylin for one minute,
rinsed in deionized water for five minutes, dipped in
acid ethanol, rinsed in deionized water for twominutes,
placed in eosin for 30 seconds, and rinsed in deionized
water for another five minutes. Afterward, the tissues
were dehydrated in an ascending series of ethanol
concentrations (from 50% to 100%). Finally, the tissues
were cleared in xylene and embedded in paraffin wax.

Two serial sections of 5 μm paraffin-embedded
tissue were prepared to conduct 3,3′-diaminobenzidine
(DAB) staining. DAB staining was performed as previ-
ously described.30 The sections were incubated at 4°C
overnight with the following primary antibodies: anti-
M-opsin (1:500; Millipore, Burlington, MA, USA),
anti-H3K4 (1:100; Sigma-Aldrich, St. Louis, MO,
USA), anti-H3K9 (1:500; Sigma-Aldrich), and anti-
H4K20 (1:1000; Sigma-Aldrich) antibodies.

Retinal Semi-Thin Sections

Retina pieces were fixed with 2.5% glutaraldehyde
in 0.1 M phosphate buffer for one hour. Then, the
retina pieces were rinsed, dehydrated with an ascend-
ing series of ethanol concentrations, and embedded
in SPON12 resin. Semi-thin sections (0.5 μm) were
prepared using a Leica EM UC7 microtome (Leica
Microsystems, Wetzlar, Germany). The sections were
stained with toluidine blue (Sigma-Aldrich).

Immunohistochemistry and Confocal
Imaging Analysis

Mice were sacrificed, and the eyes were harvested
on P21. The eyes were fixed using a special fixative
solution (glacial acetic acid:formalin:0.9% sodium
chloride:75% alcohol; 1:2:7:10), and 20 μm coronal
sections of the eyes were prepared using a cryostat
(Leica Microsystems). Tissue sections were incubated
for one hour at room temperature in a blocking
solution (10% bovine serum albumin plus 0.3% Triton
X-100 in phosphate-buffered saline solution), followed
by incubation with mouse polyclonal anti-rhodopsin
antibody (1:2000; Millipore) at 4°C overnight. The
sections were then washed in phosphate-buffered saline
solution and incubated with goat anti-mouse TRITC-
coupled secondary antibodies (ZsBio, 1:100) for two
hours at room temperature. The nuclei were stained
with Hoechst 33342 (Molecular Probes, Eugene, OR,
USA, 1:5000). Images were acquired using a Zeiss

LSM710META confocal microscope (Carl Zeiss AG,
Oberkochen, Germany) and analyzed with ZEN 2009
Light Edition (Carl Zeiss AG) and Image-Pro Plus
(version 6.0;MediaCybernetics, Rockville,MD,USA).

Quantification of the Retinal Layer Thickness

To quantify the thicknesses of the retina and the
ONL, as well as the numbers of photoreceptor cells,
5 μm sagittal sections of eyes at different stages were
prepared using a paraffin microtome (Leica Microsys-
tems).The eye with optic nerve was aligned parallel to
the blade on the paraffin microtome during sectioning.
Sections were cut and chosen when the optic nerve is
observed under microscopy. The pixel value across the
murine retina was measured for each image of each
mouse, and retinal and ONL thickness values were
averaged for the central and peripheral regions of each
group using ImageJ (National Institutes of Health,
Bethesda, MD, USA).31 All samples were measured
in a blinded manner. The central part of the retina
of each section was chosen for the quantification of
photoreceptor cells. Using the software ImageJ, the
nuclear architecture of photoreceptor cells on P14 was
classified into two classes: (1) photoreceptor cells with
fewer than three chromocenters and (2) photoreceptor
cells with more than three chromocenters. The nuclear
architecture of photoreceptor cells on P21 and P28
was classified into four classes: photoreceptor cells with
(1) one chromocenter, (2) two chromocenters, (3) three
chromocenters, and (4) more than three chromocen-
ters. The nuclear architecture of photoreceptor cells at
6W was classified into two classes: (1) photoreceptor
cells with one chromocenter and (2) photoreceptor cells
with two chromocenters.

Light-Induced Behavior Analysis

Male C57BL/6, 129 × 1/svj, and ICR mice (aged 3–
12 weeks) were used in this study. Mice were kept on
a 12-hour light/dark cycle (lights on from 7:00 a.m.
to 7:00 p.m.). All light-induced behavior tests were
conducted during the dark period (9:00 p.m. to 12:00
a.m.). The temperature of the room was maintained
between 22°C and 24°C. The behavioral experiments
were conducted using a light-dark testing system
(TSE Systems, Bad Homburg, Germany), which had
two compartments: an open transparent compartment
(light) and a closed black compartment (dark). A
small door connecting the two compartments could be
opened and closed automatically by the system. The
light density in the light compartment was 200 lux. To
facilitate adaptation, the animals were moved to the
experimental room one hour before the test session.
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The test was started by placing a mouse in the dark
compartment for one minute. Then, the small door was
opened for two minutes, and the mouse could move
freely to the light compartment. Between experiments,
both compartments were thoroughly cleaned with 70%
ethanol, and the box was wiped dry with clean paper
towels. This light-dark assay was performed according
to the standard operating procedure from the Jackson
laboratory. During this period, the walking distance of
the mouse, the ratio of time with locomotor activity,
mean velocity, percentage of mice exploring the light
and dark compartments, percentage time of a mouse
staying in the light compartment, latency before enter-
ing the light compartment after the door had been
opened, and the visits of the mouse to the light or dark
compartment were recorded by the TSE system (TSE
Systems).

Blinding

Technically, the mice for staining are never “in
experiment”; they are immediately sacrificed. Then,
the technicians in our animal facility did paraffin
sectioning and hematoxylin and eosin (H&E) stain-
ing. Students in the laboratory took the photos and
performed the counting. All groups were named with
Arabic numbers so the researcher would not know
which group belongs to which one.

In light-induced behavior analysis, mice were put in
the TSE machine, and then the machine recorded the
activity of the mice automatically. This animal exper-
iment was also performed by the technician in the
animal facility. The main task was to put the mice in
themachine, take themice out of themachine, clean the
machine, and put the mice back into the cage when the
experiment was finished. The mice at the same age were
divided into three groups, and all groups were named
with Arabic numbers.

Statistical Analysis

All statistical analyses were performed usingGraph-
Pad Prism software 5.0 (GraphPad, San Diego, CA,
USA). Parametric data were analyzed using a one-
way analysis of variance with Tukey’s post hoc test to
correct for multiple comparisons. Nonparametric data
identifiedwith the Shapiro-Wilk test for normality were
analyzed using the Kruskal-Wallis test with Dunn’s
correction for multiple analyses. All data are shown as
the mean ± SEM, except light-induced behavior analy-
sis, which was shown as the mean ± SD. Differences
were considered significant if P < 0.05. In the light-
induced behavior test, one-way analysis of variance
was performed to analyze the data among different

strains at the same time point in each metric. When
the homogeneity of variances is more than 0.05, least
significant difference post Hoc method is used, when
theP value of the homogeneity of variances is less than
0.05, Tamhane’s T2 post hoc test was used.

Results

The Thickness Values of the Retina and Outer
Nuclear Layer Differed Among C57BL/6, 129
× 1/svj, and ICR Mice

On P21, the average thickness of the retina and
ONL of C57BL/6 mice (202.76 ± 9.47 μm and 47.34
± 2.14 μm, respectively) was greater than that of 129
× 1/svj mice (163.45 ± 3.38 μm and 39.57 ± 0.48 μm,
respectively) (both P < 0.05). However, the average
thickness values of the retina and ONL did not show
statistically significant differences either between the
C57BL/6 and ICRmice or between the 129× 1/svj and
ICR mice (Figs. 1D and 1E). The number of photore-
ceptor cells in ICR mice and C57BL/6 mice was 24%
and 21% higher than that in 129 × 1/svj mice, respec-
tively (both P < 0.05) (Fig. 1F).

On P21, the Percentage of Photoreceptor
Cells With One Chromocenter is Increased in
C57BL/6 Mice Compared to 129× 1/svj and
ICR Mice

In P14 mice, the percentage of photoreceptor cells
with fewer than three chromocenters was in C57BL/6
mice, nearly 49% and 21% higher than that in 129 ×
1/svj and ICR mice, respectively (both P < 0.05). The
percentage of photoreceptor cells with fewer than three
chromocenters was 22% lower in 129 × 1/svj mice than
that in ICR mice (both P < 0.05). The percentage of
photoreceptor cells with more than three chromocen-
ters in 129 × 1/svj mice was nearly 7% higher than
that in C57BL/6 mice (P < 0.05) (Figs. 2A and 2B). In
P21 mice, the percentage of photoreceptor cells with
one chromocenter was in C57BL/6 mice, nearly 86%
and 333% higher than in 129 × 1/svj and ICR mice,
respectively (P < 0.05). The percentage of photore-
ceptor cells with one chromocenter was increased by
133% in 129 × 1/svj mice compared to that in ICR
mice (P < 0.05). No statistically significant difference
was found in the percentage of photoreceptor cells with
two chromocenters among C57BL/6, 129 × 1/svj, and
ICRmice. The percentage of photoreceptors with three
chromocenters was in ICR mice 100% and 33% higher
than that in C57BL/6 and 129× 1/svj mice, respectively
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Figure 1. Thicknesses of the retina and the outer nuclear layer in C57BL/6, 129 × 1/svj, and ICR mice on P21. (A, B, and C) H&E staining
images of the retina in C57BL/6 (B6), 129× 1/svj (129), and ICR mice, respectively. (D and E) Comparisons of the retina (D) and outer nuclear
layer (E) thickness in C57BL/6, 129 × 1/svj, and ICR mice. (F) The number of photoreceptor cells in C57BL/6, 129 × 1/svj, and ICR mice. RPE,
retinal pigment epithelium; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar:
25 μm (n = 5 for each mouse strain). Data represent the mean± SEM. *P < 0.05 indicates statistical significance.

(P < 0.05). However, no significant difference was
observed between C57BL/6 and 129 × 1/svj mice.
Similarly, the percentage of photoreceptor cells with
more than three chromocenters was in ICR mice
increased by 355% and 43% compared to that in
C57BL/6 and 129 × 1/svj mice, respectively (P < 0.05).
The percentage of photoreceptor cells with more than
three chromocenters was in C57BL/6 mice 218% lower
than that in 129 × 1/svj mice (P < 0.05) (Figs. 2C
and 2D). In P28 mice, no significant differences in the
four defined types of photoreceptor cells were observed
among the three distinct strains of mice, except for the
numbers of photoreceptor cells with three chromocen-
ters in 129 × 1/svj and ICR mice, which were 100%
and 120% higher than that in C57BL/6 mice (P < 0.05)
(Figs. 2E and 2F). In six-week-old mice, photoreceptor
cells were mature, and most of the photoreceptor cells
had one chromocenter. The percentage of photorecep-
tor cells with one chromocenter showed no significant
difference among the examinedmouse strains (Figs. 2G
and 2H).

Semi-Thin Sections Confirm the Percentage
Differences in Photoreceptor Cells With One
Chromocenter AmongMouse Strains on P21

Additionally, 0.5 μm semithin sections were used to
determine the numbers of chromocenters in photore-

ceptor cells among the different strains of mice. Similar
to the findings of the H&E staining, the percentage of
photoreceptor cells with one chromocenter was on P21
significantly higher in C57BL/6 mice than that in 129
× 1/svj and ICR mice (P < 0.05). The percentage of
photoreceptor cells with three or more chromocenters
was in ICR and 129 × 1/svj mice significantly higher
than that in C57BL/6 mice (P < 0.05) (Fig. 3).

Histone Distributions Confirm the
Differences in the Architecture of
Photoreceptor Nuclei Among the Three
Mouse Strains on P21

The remodeling of the nuclear architecture of
photoreceptors involves the movement of heterochro-
matin from the nuclear periphery to the center between
P0 and P28, as well as the reduction in the number
of chromocenters from several on P14 to one or two
on P28.7 On P21, the percentage of photoreceptor
cells containing one chromocenter was in C57BL/6
mice significantly higher than that in 129 × 1/svj and
ICR mice, and most photoreceptors in 129 × 1/svj
and ICR mice contained more than three chromo-
centers. Therefore we determined on P21 the distri-
bution of euchromatin (H3K4me3) and heterochro-
matin (H3K9me3 and H4K20me3) in photoreceptor
cells of these three mouse strains. In C57BL/6 mice, the
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Figure 2. The nuclear architecture of photoreceptor cells in C57BL/6, 129× 1/svj, and ICRmice at different ages. (A, C, E, and G) The nuclear
architecture of photoreceptor cells in differentmouse strains on P14 (A), P21 (C), and P28 (E), and at six weeks (G). (B, D, F, and H) Percentages
of photoreceptor cells havingmore than three chromocenters, three chromocenters, two chromocenters, and one chromocenter in C57BL/6
mice, 129 × 1/svj, and ICR mice on P14 (B), P21 (D), and P28 (F), and at six weeks (H). (I) Schematic of the nuclear architecture of photore-
ceptor cells in C57BL/6 mice, 129 × 1/svj, and ICR mice at different ages. (J, K, L, and M) Percentages of photoreceptor cells with more than
three chromocenters (J), three chromocenters (K), two chromocenters (L), and one chromocenter (M) from P14 to six weeks. Red and black
arrows indicate photoreceptor cells containing more than three chromocenters and fewer than three chromocenters, respectively, on P14.
Yellow, green, and white arrows indicate photoreceptor cells containing three chromocenters, two chromocenters, and one chromocenter,
respectively. RPE, retinal pigment epithelium; PL, photoreceptor layer. Scale bar: 10 μm (n= 5 for eachmouse strain at each time point). Data
represent the mean ± SEM. *P < 0.05 indicates statistical significance.

H3K4me3 euchromatin of nearly 64% of the photore-
ceptor cells was located at the periphery of the nuclei,
whereas H3K9me3 and H4K20me3 heterochromatins
were located in the central part of the nuclei in nearly

71% and 72% of the photoreceptor cells (P < 0.05)
(Fig. 4A). In 129 × 1/svj and ICR mice, approxi-
mately 79% and 81%, respectively, of the H3K4me3
euchromatin in photoreceptor cells were located at
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Figure 3. Ultrathin sections for the nuclear architecture of photoreceptor cells in C57BL/6 (B6), 129 × 1/svj (129), and ICR mice on P21. (A,
B, and C) Nuclear architecture of photoreceptor cells in C57BL/6 (A), 129× 1/svj (B), and ICR (C) mice. (D) Percentages of photoreceptor cells
with more than three chromocenters, three chromocenters, two chromocenters, and one chromocenter. Red arrows indicate photoreceptor
cells containing more than three chromocenters. Yellow arrows indicate photoreceptor cells containing three chromocenters. Green arrows
indicate photoreceptor cells containing two chromocenters.White arrows indicate photoreceptor cells containing one chromocenter. Scale
bar: 10 μm (n = 4 for each mouse strain). Data represent the mean ± SEM. *P < 0.05 indicates statistical significance.

the center of the nuclei, whereas around 29% and
28% of H3K9me3 and 24% and 26% of H4K20me3
heterochromatin, respectively, were located at the
center of the photoreceptor cell nuclei (P< 0.05) (Figs.
4C and 4E).

Expression of Rhodopsin andM-Opsin in the
Three Distinct Mouse Strains on P21

Because the nuclear architecture of photorecep-
tor cells differed among the three mouse strains most
remarkably on P21, the rhodopsin expression as a
marker of rod photoreceptors was compared at this
developmental stage. The expression level of rhodopsin
was in C57BL/6 mice significantly higher than that in
129 × 1/svj mice (P < 0.05), whereas no statistically
significant difference was noted between 129 × 1/svj
and ICR mice (Figs. 5A and 5C).

We also compared the number of cone cells and
the expression of M-opsin using DAB staining. The

total number of cone cells was in ICR mice 24% and
23% higher than that in C57BL/6 and 129 × 1/svj
mice, respectively (P < 0.05) (Figs. 5B and 5D). Cone
cells were of two types: dot-shaped and rod-shaped.
The number of rod-shaped cone cells was in ICR mice
25% and 23% higher than that in C57BL/6 and 129
× 1/svj mice, respectively (P < 0.05). By contrast,
no statistically significant difference was detected in
the number of dot-shaped cone cells among the three
mouse strains.

Light-Induced Behavior of C57BL/6, 129×
1/svj, and ICR Mice at Different
Developmental Periods

The photoreceptor cells play essential roles in the
day and night behavior of mice. Therefore the light-
dark test was used to investigate the reaction of these
different strains of mice to mild stressors such as light
and new environments.32
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Figure 4. Distribution ofmarker histones in photoreceptor cells of C57BL/6 (B6), 129× 1/svj (129), and ICRmice on P21. (A andD)H3K4me3
(euchromatin); (B and E) H3K9me3 (constitutive heterochromatin); and (C and F) H4K20me3 (heterochromatin). Center: histones located in
the center of photoreceptor cells; periphery: histones located in the periphery of photoreceptor cells.Greenarrows indicate histones located
in the periphery of photoreceptor cells. Black arrows indicate histones located in the center of photoreceptor cells. RPE, retinal pigment
epithelium; OS, outer segment; IS, inner segment. Scale bar: 10 μm (n= 4 for each mouse strain). Data represent the mean± SEM. *P< 0.05
indicates statistical significance.

In the light compartment, the walking distance,
ratio of time for activity, velocity of activity, ratio of
exploring area, the relative time of a mouse staying
in the light compartment, and the average number of
visits to the light compartment in C57BL/6 and ICR
mice was significantly higher than that for 129 × 1/svj
mice (P < 0.05) throughout the experiments, except
for the tests at eight weeks and 12 weeks, whereas the
parameter velocity of activity showed no significant

difference and the test at 12 weeks, in which the ratio
of time for activity indicated no statistically significant
difference between C57BL/6 and 129 × 1/svj mice. The
latency of a mouse entered the light compartment after
the connecting door had been opened was significantly
longer for 129 × 1/svj mice than for C57BL/6 and ICR
mice at all time points (P < 0.05).

In the dark compartment, the walking distance,
ratio of time for activity, velocity of activity, ratio
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Figure 5. Expressions of rhodopsin and M-opsin in C57BL/6, 129 × 1/svj, and ICR mice on P21. (A) Immunostaining for the expression of
rhodopsin in C57BL/6 (B6), 129 × 1/svj (129), and ICR mice. (B) DAB staining for M-opsin expression in retina sections of C57BL/6 (B6), 129
× 1/svj (129), and ICR mice. (C) Quantification of rhodopsin in C57BL/6, 129 × 1/svj, and ICR mice. Scale bar: 25 μm (n = 5 for each mouse
strain). (D) Comparison of the numbers of rod-shaped and dot-shaped cone cells in C57BL/6, 129 × 1/svj, and ICR mice. Red arrows indicate
rod-shaped cone cells. Green arrows indicate dot-shaped cone cells. OS, outer segment; IS, inner segment; INL, inner nuclear layer; IPL, inner
plexiform layer. Scale bar: 50 μm (n = 5 for each mouse strain). Data represent the mean ± SEM. *P < 0.05 indicates statistical significance.

of exploring area in C57BL/6 mice was significantly
higher than that for 129 × 1/svj mice (P < 0.05)
throughout the experiments, except for the tests at
three, six, and 12weeks, whereas the parameter walking
distance showed no significant difference between
C57BL/6mice and 129× 1/svj mice (Fig. 6 and Supple-
mentary Data).

Discussion

This study demonstrated that three different strains
of mice had distinct nuclear architectures of photore-
ceptor cells on P21 and different light-induced behav-
iors. This conclusion was based on the following
results: (1) The findings of the H&E staining, semithin
sections, and histone distributions all supported that
the percentage of photoreceptor cells with one chromo-

center was significantly higher in C57BL/6 mice than
in 129 × 1/svj and ICR mice on P21. (2) The number
of photoreceptor cells was significantly increased in
ICR and C57BL/6 mice compared to 129 × 1/svj mice.
Moreover, the total number of cone photoreceptors
was significantly higher in ICRmice than in 129× 1/svj
and C57BL/6 mice on P21. (3) The thickness of the
retina and ONL was significantly greater in C57BL/6
mice than in 129 × 1/svj mice. (4) ICR mice were more
active than C57BL/6 mice, and C57BL/6 mice were
more active than 129 × 1/svj mice in the light-induced
behavior tests.

Solovei et al.7 proved that the remodeling of the
nuclear architecture of rod cells in nocturnal mammals
was a process involving the transition from multiple
chromocenters to one chromocenter, that is, four to
six chromocenters on P14, one to three chromocenters
on P21, one to two chromocenters on P28, and one
chromocenter on W6. The same pattern was observed
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Figure 6. Light-induced behavior test of different developmental periods in C57BL/6 (B6), 129 × 1/svj (129), and ICR mice. (A) Walking
distance of mice in the light compartment. (B) The ratio of time with locomotor activity in the light compartment. (C) The mean velocity
of mice in the light compartment. (D) The percentage of mice exploring the light compartment. (E) The percentage of the time of a mouse
staying in the light compartment. (F) The latency before entering the light compartment after the door connecting the two compartments
had been opened. (G) The number of visits to the light compartment per mouse. (H) Walking distance of mice in the dark compartment.
(I) The ratio of time with locomotor activity in the dark compartment. (J) The mean velocity of mice in the dark compartment. (K) The
percentage of mice exploring the dark compartment. a, the significant difference between C57BL/6 and 129 × 1/svj mice; b, the signifi-
cant difference between C57BL/6 and ICRmice; c, the significant difference between 129× 1/svj and ICRmice (n= 30 for eachmouse strain
at each time point). Data represent the mean ± SD. *P < 0.05 indicates statistical significance. One-way analysis of variance was performed
to analyze the data among different strains of mice at the same time point in eachmetric. When the homogeneity of variances is more than
0.05, least significant difference post hoc method is used, when the P value of the homogeneity of variances is less than 0.05, Tamhane’s T2
post hoc test was used.

in the present study, but the numbers of chromocenters
in photoreceptor cells of C57BL/6, 129 × 1/svj, and
ICR mice were different on P21. For C57BL/6 mice,
nearly 70% of the photoreceptor cells had one chromo-
center, whereas for 129 × 1/svj and ICR mice, nearly
40% and 65%, respectively, of photoreceptor cells had
three or more chromocenters. This finding suggested
that the photoreceptor cells in C57BL/6 mice matured
earlier than those in 129 × 1/svj mice, which in turn
matured earlier than those in ICR mice. The underly-
ing reason might be that the localization and transcrip-
tion activity of euchromatin and heterochromatin in
photoreceptor cells differed significantly among these
mouse strains. Indeed, we showed that in C57BL/6
mice, H3K4me3 euchromatin was detected in most
photoreceptor cell nuclei periphery, whereasH3K9me3
and H4K20me3 heterochromatin staining were found

in the center of most photoreceptor nuclei. In 129 ×
1/svj and ICR mice, most of the H3K4me3 euchro-
matin was in the nuclei center, whereas H3K9me3 and
H4K20me3 heterochromatin resided at the periphery
of the nuclei of photoreceptor cells. This is in line
with the study by Solovei et al.,7 who showed that
the heterochromatin of the rod photoreceptor cells
of nocturnal retinas is situated in the nuclear center;
however, euchromatin is located near the nuclear
border. Several studies have shown that differences
in the genetic background affect gene and protein
expression in embryos, especially in the retina.33–36
Kraus and colleagues33 compared the gene expres-
sion pattern in 11 mouse strains, which are commonly
used in transgenic mouse studies, such as C57BL/6J,
129 × 1/svj, S2/SvHsd, and Hsd: ICR(CD-1) mice on
embryonic day 11.5 (E11.5), E12.5, and E13.5. Their
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results showed that genes related to biological processes
such as cell cycle, development, and stress response
had significantly different expression patterns in these
mouse strains on E12.5.33 Jelcick et al.34 investigated
the differences in gene expression among AKR/J,
CAST/EiJ, C57BL6/J, and NOD.NON-H2−nb1 mouse
retinas on E18.5 and P30.5; their study revealed nearly
3000 differentially expressed genes among these three
mouse strains.

In the present study, C57BL/6 mice had the highest
mean retinal and ONL thickness values compared to
129 × 1/svj and ICR mice, and the difference was
statistically significant. In agreement with this finding,
Puk et al.28 also demonstrated that the retina’s thick-
ness was significantly greater in C57BL/6 mice than in
129S2/SvJ mice. These morphological variations might
result from different cell constitutions in the retina
of different mouse strains. For instance, Kang et al.37
demonstrated that the exclusive existence of specific
cell types contributed to the thicker retina in C57BL/6
mice compared to 129/SvJ and BALB/C albino mice.
The present study also found that the thickness of the
ONL was increased in C57BL/6 mice compared to 129
× 1/svj and ICR mice. In addition, the numbers of
photoreceptor cells were higher in ICR and C57BL/6
mice than in 129 × 1/svj mice. The expression level
of rhodopsin was also significantly higher in C57BL/6
mice than in 129 × 1/svj mice. Moreover, the thick-
ness of the inner nuclear layer and inner plexiform
layer was significantly greater in C57BL/6 mice than in
129S2/SvJ mice (data not shown). Therefore the higher
number of photoreceptor cells and the thicker ONL
may partially account for the thicker retina in C57BL/6
mice.

The light-dark compartment test is designed to
detect rodents’ response to stressors based on the fact
that mice possess an inborn aversion to light and
new environments.38 The current study investigated the
light-induced behavior of these three mouse strains
under the light-compartment condition on P21 (W3)
and P28 (W4), and at six, eight, and 12 weeks. Under
light- and dark-compartment conditions, C57BL/6 and
ICR mice were more active than 129 × 1/svj mice
throughout the experiments. Rod and cone photore-
ceptor cells are light-sensing cells in the mouse retina.
Rod cells are predominantly responsible for retinal
function under low-light or dark conditions, whereas
cone cells activate and produce signals under brighter
light conditions.39–41 The numbers of photoreceptor
cells in C57BL/6 and ICR mice were in the present
study on P21 significantly higher than those in 129 ×
1/svj mice. In addition, Patel et al.42 demonstrated that
photoreceptor structure, functional levels, and retinal
thickness correspond to visual behavior. These findings

may help explain why C57BL/6 and ICR mice were
more active. The number of photoreceptor cells and
the thickness of the retina were only examined on P21.
However, studies have shown that the remodeling of
the nuclear architecture of mouse photoreceptor cells
is completed between P21 and P28,7 the murine retina
reaches morphological maturity on P21,43 and the total
thickness of the mouse retina does not change between
two and six months of age.28 Therefore the morphol-
ogy and the number of photoreceptor cells on P21
may also represent the retina of these different mice
strains on P28 (4 weeks), and at six, eight, and 12
weeks. Nevertheless, light-induced behavior remained
significantly different across the three strains through-
out the experiments. Thus other factors, such as genetic
variations, neuronal maturation, and mice ability to
explore new environments and deal with stress, might
influence light-induced behavior in mice.34,38 There-
fore more suitable and sensitive tests should be devel-
oped to directly study the relationship between nuclear
architecture and visual function. In addition, study
showed that the expression of genes in response to
aging is sexually divergent;44 only male mice were used
in this study, and therefore female mice should also be
included in future studies.

Mouse models, with their well-established genet-
ics and similarity to human physiology and anatomy,
serve as powerful tools to investigate the etiology
of human retinal diseases.45 Genetically modified
mice also provide reproducible experimental systems
to shed light on the pathways of retinal function
and development.45 Therefore this study demonstrates
a technique for assessing retinal structures, nuclear
architecture, and light-induced behavior in various
strains of mice, which are often used to model
human retinal disease. Hence, this work may help
to elucidate the effect of genetic or disease-induced
variance in retinal architecture and the organization
of photoreceptor nuclear content on visual function in
humans.
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