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PURPOSE. To evaluate the potential for mouse genetic background to effect photoreceptor cell
death in response to experimental retinal detachment (RD).

METHODS. Retinal detachment was induced in three inbred mouse strains (C57BL/6, BALB/c,
and B6129SF2) by subretinal injection of sodium hyaluronate. A time course of photoreceptor
cell death was assessed by TUNEL assay. Total photoreceptor cell death was analyzed through
comparing the outer nuclear layer (ONL)/inner nuclear layer (INL) ratio 7 days post RD.
Western blot analysis or quantitative real-time PCR (qPCR) were performed to assess cell
death signaling, expression of endogenous neurotrophin, and levels of apoptosis inhibitors 24
hours after RD. Inflammatory cytokine secretion and inflammatory cell infiltration were
quantified by ELISA and immunostaining, respectively.

RESULTS. The peak of photoreceptor cell death after RD was at 24 hours in all strains.
Photoreceptor cell death as well as monocyte chemoattractant protein 1 and interleukin 6
secretion at 24 hours after RD was the highest in BALB/c, followed in order of magnitude by
C57BL/6 and B6129SF2. Conversely, nerve growth factor expression and ONL/INL ratio were
the lowest in BALB/c. Apoptosis signaling was higher in C57BL/6, whereas necroptosis
signaling was higher in C57BL/6 and BALB/c. Autophagic signaling was higher in BALB/c. X-
linked inhibitor of apoptosis (XIAP) and survivin protein levels were lower in C57BL/6 and
BALB/c, respectively. Macrophage/microglia infiltration was higher in C57BL/6 and BALB/c at
24 hours after RD.

CONCLUSIONS. Photoreceptor cell death after RD was significantly different among the three
strains, suggesting the presence of genetic factors that affect photoreceptor cell death after
RD.

Keywords: retinal detachment, retinal degeneration, photoreceptor death, cell death
signaling, neurotrophins

Retinal detachment (RD) causes photoreceptor cell death
and leads to visual decline; RD is involved in various retinal

disorders, including rhegmatogenous RD,1 AMD,2 diabetic
retinopathy,3 and retinopathy of prematurity.4 Therapeutic
strategies for these diseases have been improved; however,
visual acuity is not always restored after successful treatments
due to the induction of photoreceptor cell death after RD. The
model of RD is a powerful tool to study the mechanism by
which photoreceptor cell death in the detached retina occurs
and seek candidates for therapeutic target.5–27 Specifically, the
mouse model of RD allows investigators to take advantage of
the genetic manipulation possible in mice.

It has been reported that apoptosis plays a critical role in
photoreceptor cell death after RD.6–8,10,14,17,24,25 Apoptosis
occurs in either caspase-dependent or caspase-independent
pathways. The former is regulated by the cascade of caspase
family members, while the latter is mediated by soluble
mitochondrial intermembrane proteins such as apoptosis-
inducing factor (AIF).28 We previously reported that necrosis
is another pathway to induce photoreceptor cell death after
RD, although its frequency is approximately one-half that of
apoptosis.25 Necrosis has been classically considered to be an

accidental unregulated form of cell death, but recent studies
demonstrated that the execution of necrotic cell death can be
controlled.29–32 This regulated necrosis pathway is called
‘necroptosis’ and is primarily regulated by the receptor-
interacting protein (RIP) kinase.33 More recently, autophagy
activation was reported to occur in photoreceptor cells after
RD.26,27 It is characterized by the sequestration of cytoplasmic
material within autophagosomes for degradation by lyso-
somes.34 Microtubule-associated protein light chain 3 (LC3),
an essential component of the autophagosome complex, is
regarded as a marker for autophagy.35

It has been known that there are racial differences in the
prevalence of some human ocular diseases including AMD,36

glaucoma,37 and Behçet disease.38 Likewise, mouse genetic
background has been reported to affect the biological reactions
of the eye, such as light-induced photoreceptor cell death,39

optic nerve crush induced ganglion cell death,40 angiogene-
sis,41 lymphangiogenesis,42 etc. These reports lead us to
surmise that genetic background might affect photoreceptor
cell death after RD. To date, there is a lack of data on the
possible difference in RD-induced photoreceptor cell death
observed in inbred mouse strains.
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In this study, we investigated the strain difference in
photoreceptor cell death after induction of experimental RD
using three inbred mouse strains: C57BL/6, BALB/c, and
B6129SF2. C57BL/6 and BALB/c are the most widely used
inbred strains. B6129SF2 mice are used as approximate
controls for genetically engineered strains that were generated
with 129-derived embryonic stem cells and maintained on a
mixed B6; 129 background. We assessed photoreceptor cell
death after RD by measuring TUNEL-positive cell density in the
outer nuclear layer (ONL) and outer/inner nuclear layer (ONL/
INL) ratio of the retina. We also assessed regulators and
markers of apoptosis, necrosis, autophagy, neurotrophin, and
inflammation, which have all both shown to contribute to
neuronal death and/or survival. Our results showed significant
differences among the three strains in levels of photoreceptor
cell death, cell death signaling, neurotrophin expression,
inhibitor of apoptosis (IAP) proteins, and inflammatory
response after RD.

METHODS

Animals

All animal experiments followed the guidelines of the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research and were approved by the Animal Care Committee
of the Massachusetts Eye and Ear Infirmary. C57BL/6 and
BALB/c mice were purchased from Charles River Laborato-
ries, Inc. (Wilmington, MA, USA). B6129SF2 mice were
purchased from Jackson Laboratories (Bar Harbor, ME, USA).
Each strain showed normal phenotype (Supplementary Fig.
S1). Mice were fed standard laboratory chow and allowed free
access to water in an air-conditioned room with a 12-hour
light/12-hour dark cycle. All mice were used at postnatal 8 6
1 weeks.

Creation of Retinal Detachment

We modified a previously reported method for creating bullous
and persistent RDs.43 Briefly, mice were anesthetized with an
intraperitoneal injection of a mixture of 60 mg/kg ketamine
and 6 mg/kg xylazine, and pupils were dilated with topical
phenylephrine (5%) and tropicamide (0.5%). The temporal
conjunctiva at the posterior limbus was incised and detached
from the sclera. A 30-gauge needle (BD, Franklin Lakes, NJ,
USA) was used with the bevel pointed up to create a
sclerotomy 1 mm posterior to the limbus. A scleral tunnel
was created, followed by scleral penetration into the choroid,
which makes a self-sealing scleral wound. A corneal puncture
was made with a 30-gauge needle to lower intraocular
pressure. A 34-gauge needle connected to a 10-lL syringe
(NanoFil 10-lL syringe; World Precision Instruments, Inc.,
Sarasota, FL, USA), was inserted into the subretinal space with
the bevel pointed down. Then, 4 lL of 1% sodium hyaluronate
(Provisc; Alcon, Fort Worth, TX, USA) was injected gently,
detaching approximately 60% of the temporal-nasal neurosen-
sory retina from the underlying RPE. Finally, cyanoacrylate
surgical glue (Webglue; Patterson Veterinary, Devens, MA, USA)
was applied to the scleral wound, and the conjunctiva was
reattached to the original position. Eyes with subretinal
hemorrhage were excluded from analysis.

TUNEL

The eyes with RD were enucleated and embedded in OCT
compound (Tissue-Tek; Sakura Finetec, Torrance, CA, USA).
Serial sections in the sagittal plane were cut at 10-lm thickness
on a cryostat (CM1850; Leica, Heidelberg, Nussloch, Germany)

at �208C and prepared for staining. We performed TUNEL
assays according to the manufacturer’s protocol (ApoTag
Fluorescein In Situ Apoptosis Detection Kit; Millipore, Bill-
erica, MA, USA). Finally, sections were counterstained with TO-
PRO-3. Cells that were TUNEL-positive were counted in the
ONL, containing the photoreceptor cell bodies. The area of
ONL was also measured by ImageJ software (http://imagej.nih.
gov/ij/; provided in the public domain by the National
Institutes of Health, Bethesda, MD, USA), and TUNEL-positive
cell density in the ONL was calculated. Our preliminary
experiments revealed that the center of RD had less variability
of TUNEL-positive cell density (data not shown), so we used
the sections around 1000 lm from the injection site. The
average TUNEL-positive cell density at two parts of the retina
(see Matsumoto et al.44) was calculated as the representative
TUNEL-positive photoreceptor cell density of the section.
Then, the average of the TUNEL-positive photoreceptor cell
densities from three sections was determined as the represen-
tative TUNEL-positive photoreceptor cell density of the eye.
Photographs were taken by confocal microscopy using a 340
lens (HCX APOL; Leica Camera, Inc., Allendale, NJ, USA).

Evaluation of ONL/INL Ratio

The ONL and INL areas of the detached retina were measured
by ImageJ software (National Institutes of Health), and ONL/
INL ratio was calculated. Areas of abnormal retinal morphology
were excluded so that uniform unbiased measurements could
be obtained.

Western Blot Analysis

Retinas from experimental eyes with RD and control eyes
without RD were dissected from the RPE-choroid. Total
retinal lysate was used to evaluate the level of cleaved caspase
3, RIP3, and p-TrkA. Nuclear extraction was performed
according to the manufacturer’s protocol (Nuclear Extract
Kit; Active Motif North America, Carlsbad, CA, USA) to assess
AIF protein levels. Samples were electrophoresed on 4% to
12% or 12% Bis-Tris gel (NuPAGE; Invitrogen, Camarillo, CA,
USA) and transferred onto polyvinylidene difluoride mem-
branes (0.45-lm pores; Millipore Corp., Billerica, MA, USA).
After blocking with 3% nonfat dried milk, the membranes
were incubated overnight with primary antibody (cleaved
caspace 3, AIF, phospho-TrkA, LC3, VDAC, b-actin, b-tubulin:
1:1000 (Cell Signaling, Danvers, MA, USA); TBP: 1:1000
(Abcam, Cambridge, UK); RIP3: 1:10,000 (Sigma-Aldrich, St.
Louis, MO, USA). The blotted membranes were then
incubated for 30 minutes at room temperature with HRP-
labeled anti-rabbit secondary antibody. Immunoreactive bands
were visualized by ECL and detected by a commercial imaging
system (ChemiDoc MP; Hercules, CA, USA).

Measurement of mRNA Expression by Quantitative
Real-Time PCR (qPCR)

Whole retina was used for qPCR. Total RNA was harvested
using an RNA kit (RNeasy Kit; Qiagen, Valencia, CA, USA).
cDNA was generated with Oligo-dT primer (Invitrogen) and
Superscript II (Invitrogen) according to the manufacturer’s
instructions. Quantitative PCR was carried out using NGF
(Mm00443039_m1) and b-actin (Mm00607939_s1) TaqMan
gene expression assays (Applied Biosystems, Foster City, CA,
USA). The housekeeping gene b-actin was used as an internal
reference. Quantitative expression data were acquired and
analyzed with a Step One Plus real-time PCR system (Applied
Biosystems) using the DD Ct method.
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ELISA for Monocyte Chemoattractant Protein 1 and
Interleukin 6

The levels of monocyte chemoattractant protein (MCP)-1 and
IL-6 were determined with mouse MCP-1 (R&D Systems, Inc.,
Minneapolis, MN, USA) and IL-6 (R&D Systems, Inc.) ELISA kits,
according to the manufacturer’s protocol.

Immunohistochemistry

Sections were fixed in acetone for 5 minutes, blocked in 2%
skim milk for 20 minutes, and incubated with rat anti-CD11b
antibody (1:50; BD Biosciences, San Jose, CA, USA) or rabbit
anti-glial fibrillary acidic protein (GFAP) antibody (1:100; Dako,
Carpinteria, CA, USA) at 48C overnight. AlexaFluor 488–
conjugated goat anti-rat or anti-rabbit IgG was used as a
secondary antibody and incubated at room temperature for 30
minutes. Finally, sections were counterstained with TO-PRO-3.

Statistical Analysis

The results are expressed as the mean 6 SE. Multiple-group
comparison was performed by one-way ANOVA followed by
Tukey-Kramer adjustments for all statistical analyses in the
study. The significance level was set at P < 0.05 (* in figures)
and P < 0.01 (** in figures). Statistical analysis was performed
using graphing software (Prism version 5; GraphPad Software,
Inc., La Jolla, CA, USA).

RESULTS

Strain Difference in RD-Induced Photoreceptor
Cell Death

To evaluate the photoreceptor cell death after RD in C57BL/6,
BALB/c, and B6129SF2 mouse strains, we investigated a time
course of photoreceptor cell death after induction of RD
through TUNEL assessment. We analyzed TUNEL-positive cell
density in the ONL at 12, 24, 48, 72, 120, and 168 hours after
RD (Figs. 1A, 1B). In all three strains, TUNEL-positive cells
peaked at day 1 after RD. TUNEL-positive cell density was
significantly higher in BALB/c (2782 6 165 cells/mm2),
followed in order by C57BL/6 (1663 6 249 cells/mm2) and
B6129SF2 (814 6 107 cells/mm2; **P < 0.01 each). However,
at an earlier time point (12 hours), C57BL/6 was higher than
BALB/c and B6129SF2 (825 6 132 cells/mm2 versus 311 6 78
cells/mm2 and 334 6 64 cells/mm2 respectively; *P < 0.05
each). After day 1, there were no significant differences among
the three strains (Fig. 1A). Other retinal layers displayed no
TUNEL-positive cells after RD.

The significant strain difference in photoreceptor cell death
was reflected in the ONL/INL ratio (Fig. 1C). The strain with
the least TUNEL-positive cells (B6129SF2) showed the highest
ONL/INL ratio (1.67 6 0.06), followed in order by C57BL/6
(1.57 6 0.03) and BALB/c (1.39 6 0.04) (*P < 0.05 for
B6129SF2 versus BALB/c).

Strain Difference in Cell Death Signaling After RD

To compare the cell death signaling after RD among the three
strains, we assessed cleaved caspase-3, AIF, RIP3, and LC3 II/I
ratio at 24 hours after RD by Western blot (Fig. 2).

Caspase-3 is one of the effector caspases that are activated
by cleavage and mediate apoptotic cell death. Cleaved caspase-
3 was significantly higher in C57BL/6 (100%) than BALB/c
(57%) and B6129SF2 (60%) (*P < 0.05 each; Fig. 2A).
Apoptosis-inducing factor is one of the intra-mitochondrial
molecules that mediate caspase independent apoptosis; during

apoptosis, they are released through the outer mitochondrial
membrane and translocate into the nucleus.8,28,45 Nuclear AIF
was highest in C57BL/6, followed in order by BALB/c and
B6129SF2 (*P < 0.05 for C57BL/6 vs B6129SF2; Fig. 2B,
Supplementary Fig. S2).

Another form of regulated cell death is RIP kinase-mediated
necrosis. Holler and colleagues29 discovered that RIP1 kinase is
a key molecule that induces necrotic cell death mediated by
FAS receptor. Receptor-interacting protein 3 was reported to
be a key regulator of RIP1 kinase phosphorylation and necrotic
signaling.46 Moreover, we and other groups have shown RIP
kinases to be significant players in photoreceptor cell death in
RD.25,47 Receptor-interacting protein 3 was significantly higher
in C57BL/6 (100%) and BALB/c (97%) than B6129SF2 (59%) (*P
< 0.01 each; Fig. 2C).

Autophagy can contribute to cell survival or cell death.
During the formation of autophagosomes, LC3 (LC3-I) is
lipidated, and this LC3-phospholipid conjugate (LC3-II) is
localized on autophagosomes.35,48 The LC3 II/I ratio is
regarded as a marker for autophagy, and was significantly
higher in BALB/c (0.70) than C57BL/6 (0.46) and B6129SF2
(0.50; *P < 0.05 each; Fig. 2D).

Strain Difference in Neurotrophin Expression
After RD

Cell death is governed not only by cell death signaling but also
by prosurvival pathways. Neurotrophin is essential in survival
of neurons, and nerve growth factor (NGF) is the prototype for
the neurotrophin family of polypeptides.49 Nerve growth
factor and its high-affinity tyrosine kinase receptor TrkA are
confirmed to express in the retina.50–56 Moreover, intravitreal
injection of exogenous NGF has been reported to protect
retinal cells from apoptosis in experimental RD.57 In the
current study, we evaluated NGF mRNA expression levels by
qPCR at 24 hours after RD. BALB/c, which showed the most
photoreceptor cell death, expressed significantly less NGF

mRNA (47%) than C57BL/6 (100%) and B6129SF2 (126%; **P <
0.01 each; Fig. 3A).

Nerve growth factor activates TrkA receptor tyrosine
kinases through receptor dimerization, followed by autophos-
phorylation and resultant intracellular signaling.58 Thus, we
next evaluated phosphorylated TrkA protein levels by Western
blot at 24 hours after RD to assess the binding between NGF
and TrkA in the retina. Consistent with NGF mRNA levels,
BALB/c displayed significantly less phosphorylated TrkA
protein levels (69%) than C57BL/6 (100%) and B6129SF2
(106%; *P < 0.05 each; Fig. 3B).

Strain Difference in Levels of IAP Proteins After RD

The IAP family proteins function as intrinsic regulators of the
caspase cascade.59 Thus, to further investigate the prosurvival
pathways in the retina, we next evaluated levels of IAP proteins
by Western blot at 24 hours after RD.

X-linked IAP (XIAP) binds active caspases and promotes the
ubiquitination and degradation of active caspases. However,
under the severe cellular stress, XIAP will undergo autoubi-
quitination and degrade, which allows unrestricted caspase
activation.59 Recently, XIAP gene therapy was reported to
rescue photoreceptor cell death in an RD model.60 In the
current study, XIAP levels were decreased after RD in all
strains, and significantly lower in C57BL/6 (64%) than BALB/c
(84%) and B6129SF2 (87%; *P < 0.05 each; Fig. 4A). These
results are consistent with cleaved caspase-3 levels in each
strain.

Survivin is also one of the IAP proteins and known for its
association with cell cycle progression.61 It has been reported
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FIGURE 1. Difference in photoreceptor cell death induced by RD. (A) Time course of TUNEL-positive cell density in the ONL (n¼6 each group and
time point). At 12 hours after RD, TUNEL-positive cell density was significantly higher in C57BL/6 than BALB/c or B6129SF2 (*P < 0.05 each). At 24
hours after RD, it was highest in BALB/c, followed in order by C57BL/6 and B6129SF2. There was a significant difference between each pair of
strains (**P < 0.01 each). (B) TUNEL (green) and TO-PRO-3 (blue) staining at 24 hours after RD. (C) Ratio of ONL/INL before and 7 days after RD (n
¼ 6 each). At day 7, ONL/INL ratio was highest in B6129SF2, followed in order by C57BL/6 and BALB/c. There was a significant difference between
B6129SF2 and BALB/c (*P < 0.05). Scale bar: 50 lm. The graphs show mean 6 SEM. GCL, ganglion cell layer; UT, untreated.
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that NGF activates the PI3-kinase/Akt pathway through TrkA
phosphorylation, which leads to survivin upregulation.62,63 In
this study, RD resulted in increased survivin levels in all three
strains. However, the level of survivin generated by RD was

significantly less in BALB/c (74%) compared with C57BL/6
(100%) and B6129SF2 (97%; *P < 0.05 each; Fig. 4B). These
results are in accordance with phosphorylated TrkA levels in
each strain.

FIGURE 2. Difference in cell death signaling after RD. (A–D) Western blot analysis at 24 hours after RD (n ¼ 6 each). (A) Cleaved caspase-3 was
significantly higher in C57BL/6 than BALB/c and B6129SF2 (*P < 0.05 each). (B) Nuclear AIF was significantly higher in C57BL/6 than B6129SF2 (*P
< 0.05). (C) RIP3 was significantly higher in C57BL/6 and BALB/c than B6129SF2 (**P < 0.01 each). (D) LC3 II/I ratio was significantly higher in
BALB/c than C57BL/6 and B6129SF2 (*P < 0.05 each). (A–C) The bar graphs indicate the relative level of cleaved caspase-3, nuclear AIF, or RIP3 to
b-actin or TBP by densitometric analysis. (A–D) Each sample for Western blot analysis includes at least six retinas.

FIGURE 3. Difference in neurotrophin expression after RD. (A) Quantitative real-time PCR analysis for NGF in the retina at 24 hours after RD (n¼ 6
each). Mouse strain BALB/c showed significantly less NGF mRNA expression than C57BL/6 and B6129SF2 (**P < 0.01 each). (B) Western blot
analysis for phosphorylated TrkA at 24 hours after RD (n ¼ 6 each). Mouse strain BALB/c showed significantly less phosphorylated TrkA protein
levels than C57BL/6 and B6129SF2 (*P < 0.05 each). The bar graphs indicate the relative level of phosphorylated TrkA to b-actin by densitometric
analysis. Each sample for Western blot analysis includes at least six retinas.
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Strain Difference in Inflammatory Response After
RD

We previously described that MCP-1 is an essential mediator of
early infiltration of macrophage/microglia after RD.18 Zacks et
al.19,23 reported that IL-6 expression was increased after RD
using gene microarray analysis. Interleukin 6 is a pleiotropic
cytokine with a role in inflammation as well as hematopoiesis,
angiogenesis, cell differentiation, and neuronal survival.

In the current study, we evaluated MCP-1 and IL-6 protein
levels by ELISA (Figs. 5A, 5B). Monocyte chemoattractant
protein 1 was significantly higher in BALB/c (282 6 45 pg/mg)
than C57BL/6 (155 6 14 pg/mg; *P < 0.05) and B6129SF2 (129
6 14 pg/mg; **P < 0.01) at 24 hours after RD (Fig. 5A).
Interleukin 6 was the highest in BALB/c (34.0 6 4.2 pg/mg),
followed in order by C57BL/6 (25.5 6 4.5 pg/mg) and
B6129SF2 (17.7 6 1.4 pg/mg) at 24 hours after RD (*P <
0.05 for BALB/c versus B6129SF2; Fig. 5B). After day 1, both
MCP-1 and IL-6 levels were rapidly decreased in all strains (data
not shown).

We next analyzed the inflammatory reaction by immuno-
fluorescence detection of the macrophage/microglial marker
CD11b (Figs. 5C, 5D). At 24 hours after RD, infiltration of
CD11b-positive cells was significantly higher in BALB/c (129 6
16 cells/mm2) and C57BL/6 (157 6 15 cells/mm2) than
B6129SF2 (72 6 6 cells/mm2; **P < 0.01 each), while it was
same level in all strains at 12 hours after RD. After day 1,
CD11b-positive cell density in B6129SF2 was increased to the
same level as the other two strains.

Glial fibrillary acidic protein (GFAP) is an intermediate
filament protein which increases in astrocytes as well as
activated Müller cells after RD.20,64–66 It has been reported that
reactive retinal glial cells contribute to retinal damage induced
by RD.20 In the current study, we evaluated GFAP levels in the
retina before and 24 hours after RD by immunostaining.
Consistent with previous studies, GFAP immunoreactivity was
markedly increased after RD in all three strains. The pattern of
GFAP immunoreactivity was similar among the strains either
before or after RD (Supplementary Fig. S3).

DISCUSSION

This study investigated the difference in photoreceptor cell
death after RD among three different mouse strains (C57BL/6,
BALB/c, and B6129SF2). Our mouse model of RD consistently
showed the peak of photoreceptor cell death 24 hours after
RD.43 At 12 hours after RD, photoreceptor cell death was

significantly higher in C57BL/6 than BALB/c and B6129SF2 (*P
< 0.05 each), whereas at 24 hours after RD it was the highest
in BALB/c, followed in order by C57BL/6 and B6129SF2 (**P <
0.01 each). The ONL/INL ratio at 7 days after RD was the
highest in B6129SF2 and lowest in BALB/c (*P < 0.05),
indicating that the total amount of photoreceptor cell death 7
days after RD was significantly higher in BALB/c than
B6129SF2.

We modified a previously reported method for creating RD
and achieved reproducible RD model.43 Previous studies
reported that the peak of photoreceptor cell death after RD
occurs at day 36,8,10,15; however, it occurs at day 1 in our
model. It has been reported that photoreceptor cell death
increases with increasing height of RD.5,67 Photoreceptor cell
damage with higher RD may be more extensive compared with
shallow RD because of reduced diffusion of oxygen and
essential nutrients from the choriocapillaris.7,16 Our RD model
has an extremely bullous and persistent RD in 60% of the
fundus, which appears to accelerate photoreceptor cell death
in the detached retina more than other RD models. In our
mouse RD model, 4 lL of sodium hyaluronate is injected into
the subretinal space to create a RD, whereas 1 to 2 lL of
sodium hyaluronate is used in other mouse RD models.15,20

In the current study, we examined the key cell death
signaling mediators (caspase, AIF, RIP kinase, and LC3) among
the three strains. Mouse strain B6129SF2 showed lower levels
of cell death signaling markers, paralleling the overall less
photoreceptor cell death in that strain. However, the levels of
pro–cell-death signaling cannot explain all of our observations
since it was not BALB/c, but rather C57BL/6 that showed the
most cell death signaling in terms of activation of caspase 3 and
AIF nuclear translocation despite the overall more cell death
observed in BALB/c. Receptor interacting protein 3 elevation
was similar in these two strains and higher than B6129SF2.
This suggests that the interplay between cell death and survival
is more complex and strain dependent; furthermore, other
pathways such as autophagy are important in determining the
overall cell death.

Significant cross talk between apoptosis and autophagy is
reported to exist. Kunchithapautham and Rohrer68 described
the increased expression of LC3-II in 661W photoreceptor cells
pretreated with the broad-spectrum caspase inhibitor, zVAD-
fmk. Maiuri et al.69 also reported that cell death in apoptosis-
deficient mouse embryonic fibroblasts was mediated by
autophagic mechanisms. Furthermore, using a rat RD model,
Besirli et al.26 demonstrated the activation of autophagy after
RD, which was critical for regulating photoreceptor apopto-

FIGURE 4. Difference in IAP protein levels after RD. (A, B) Western blot analysis at 24 hours after RD (n¼ 6 each). (A) X-linked IAP (XIAP) was
significantly lower in C57BL/6 than BALB/c and B6129SF2 (*P < 0.05 each). (B) Survivin was significantly less in BALB/c than C57BL/6 and
B6129SF2 (*P < 0.05 each). The bar graphs indicate the relative level of XIAP or survivin to b-actin by densitometric analysis. Each sample includes
at least six retinas.
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FIGURE 5. Difference in inflammatory response after RD. (A, B) ELISA to detect MCP-1 (A) and IL-6 (B) protein in the retina at 24 hours after RD (n
¼8 each). Monocyte chemoattractant protein 1 was significantly higher in BALB/c than C57BL/6 (*P < 0.05) and B6129SF2 (**P < 0.01). Interleukin
6 was higher in BALB/c than B6129SF2 (*P < 0.05). (C, D) Time course of CD11b-positive cell density (n¼ 6 each group and time point) (C) and
CD11b (red) and TO-PRO-3 (blue) staining at 24 hours after RD (D). At 24 hours after RD, infiltration of CD11b-positive cells was significantly higher
in BALB/c and C57BL/6 than B6129SF2 (**P < 0.01 each), while it was same level in all strains at 12 hours after RD. After day 1, CD11b-positive cell
density in B6129SF2 was increased to the same level to the other two strains. The graphs show mean 6 SEM. Scale bar: 50 lm.
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sis.26 In the current study, BALB/c showed the highest LC3 II/I
ratio but lower cleaved caspase-3 expression among the three
strains at 24 hours after RD, suggesting that apoptosis signaling
might be inhibited by the high level of autophagy signaling in
BALB/c.

While autophagy can contribute to cell damage, it also may
serve cell survival functions. Besirli et al.26 reported that
autophagy activation after RD reduced caspase activity, leading
to the prevention of photoreceptor cell death. On the other
hand, Kunchithapautham and Rohrer68 demonstrated that DNA
fragmentation and autophagy occurred in the same cells by
TUNEL and membrane-associated LC3 staining using H2O2–
treated 661W cells. Moreover, siRNAs targeting Atg5 and
beclin1 (which are crucial for autophagy) prevented the cell
death.68 In our study, BALB/c showed the higher LC3 II/I ratio
than C57BL/6 and B6129SF2 at 24 hours after RD. Thus, BALB/
c might have more autophagic cell death than other two
strains.

Since the cell death signals did not fully explain the
difference in total photoreceptor cell death among the strains,
we investigated changes in prosurvival pathways examining
the expression of NGF mRNA and phosphorylation of its
receptor TrkA as well as the downstream survivin at 24 hours
after RD. These pathways were significantly repressed in BALB/
c, which is consistent with the highest photoreceptor cell
death at 24 hours after RD and the lowest ONL/INL ratio at 7
days after RD. Xiaodong and associates57 reported that
intravitreal injection of exogenous recombinant NGF could
protect photoreceptor cell death in experimental rat RD. The
mechanism by which NGF protects photoreceptor cells from
degeneration is not clearly known; however, it has been
suggested that NGF exerts its neuroprotective effect on
photoreceptor cells in an indirect manner since TrkA has been
reported to exist in Müller cells, astrocytes, the external part of
INL, ganglion cells, and axons in the nerve fiber layer, but not
in photoreceptor cells.50–56 Accumulating results indicate that
Müller cells might be important contributors to this mecha-
nism.70,71 Dubois-Dauphin et al.72 demonstrated that loss of
Müller cells leads to photoreceptor cell death using the
transgenic mice, in which Müller cells die in the early postnatal
phase.72 Our results suggest that endogenous NGF might play a
critical role in preventing photoreceptor cell death after RD,
while the relationship between cell death and rescue signaling
remains to be elucidated.

We previously reported that MCP-1 is an essential mediator
of early infiltration of macrophage/microglia after RD, and that
blockade of this pathway leads to enhanced photoreceptor
survival.18 In our current study, MCP-1 level was the highest in
the strain with the most cell death and highest IL-6 levels
(BALB/c), but was not different among C57BL/6 and B6129SF2
at 24 hours after RD. However, the infiltration of CD11b-
positive cells at 24 hours did not parallel the different levels of
MCP1 among the strains and C57BL/6 had almost similar
kinetics to BALB/c despite lower levels of MCP1, whereas
B6129SF2 who had MCP-1 levels equal to C57BL/6 had minimal
infiltration at 24 hours. It is of interest that all three strains had
similar CD1b infiltrate from day 2 onward. The governing of
macrophage infiltration appears to be quite complex since the
strain differences in the levels and kinetics of infiltration of the
CD11b cells not only did not match perfectly with inflamma-
tory cytokines (MCP-1 and IL-6), but also did not match with
cell death as measured with TUNEL, suggesting more factors
might govern their accumulation, function, and clearance.
More studies are needed to investigate the subspecies of the
infiltrating inflammatory cells after RD in order to better
understand the interplay between inflammation and neural cell
death/protection.

Our results showed significant differences among three
mouse strains in the photoreceptor cell death, cell death
signaling, neurotrophin expression, IAP protein levels, and
inflammatory response after RD. Therefore, special attention
needs to be paid to compare the data from different strains
with RD. When using transgenic mice, it is essential to use the
appropriate strain and age-matched controls. Moreover, these
results suggest the presence of genetic factors that affect
photoreceptor cell death after RD. Understanding the role of
the genetic factors might provide new therapeutic targets for
preventing photoreceptor cell death after RD.
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