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Abstract
The molecular signaling leading to cell death in hereditary neurological diseases such as retinal degeneration is incompletely
understood. Previous neuroprotective studies have focused on apoptotic pathways; however, incomplete suppression of cell
death with apoptosis inhibitors suggests that other mechanisms are at play. Here, we report that different signaling pathways
are activated in rod and cone photoreceptors in the P23H rhodopsin mutant rat, a model representing one of the commonest
forms of retinal degeneration. Up-regulation of the RIP1/RIP3/DRP1 axis and markedly improved survival with necrostatin-1
treatment highlighted necroptosis as a major cell-death pathway in degenerating rod photoreceptors. Conversely, up-
regulation of NLRP3 and caspase-1, expression of mature IL-1β and IL-18 and improved cell survival with N-acetylcysteine
treatment suggested that inflammasome activation and pyroptosis was themajor cause of cone cell death. This was confirmed
by generation of the P23H mutation on an Nlrp3-deficient background, which preserved cone viability. Furthermore, Brilliant
Blue G treatment inhibited inflammasome activation, indicating that the ‘bystander cell death’ phenomenon was mediated
through the P2RX7 cell-surface receptor. Here, we identify a new pathway in cones for bystander cell death, a phenomenon
important in development and disease in many biological systems. In other retinal degeneration models different cell-death
pathways are activated, which suggests that the particular pathways that are triggered are to some extent genotype-specific.
This also implies that neuroprotective strategies to limit retinal degeneration need to be customized; thus, different
combinations of inhibitors will be needed to target the specific pathways in any given disease.

Introduction
The mammalian retina is one of the most intensively studied
parts of the central nervous system both from the perspective
of understanding common blinding diseases, and also as a rela-
tively accessible model system for neurodegeneration. The
phototransduction protein rhodopsin is the most abundant pro-
tein in the retina (1). It is synthesized in rod photoreceptor endo-
plasmic reticulum (ER), and after post-translational modification

and proper folding it is transported via the Golgi to the rod photo-
receptor outer segment (2). Mutations in the rhodopsin gene are
the most frequent cause of autosomal dominant retinitis pig-
mentosa (adRP) (3), a condition where patients exhibit night
blindness and tunnel vision followed by a progressive loss of
central vision due to the loss of cone photoreceptors (4). The
P23H mutation accounts for ∼12% of adRP in the USA (5). To
date though, it is still unclear why rod photoreceptors die in
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patients with rhodopsin mutations and even more thought-
provoking, why genetically normal cone photoreceptors that do
not express rhodopsin also die.

A number of pathways are brought into play when a genetic
mutation leads to cell death. These may be subdivided into
early and late events. Early events in the P23Hmodel includemis-
folded protein accumulation and ER stress (6,7), whereas late
events include programed cell-death responses such as cas-
pase-dependent and -independent apoptosis (8). Recent studies
in other rhodopsin mutants (T17M and E349X) show significant
up-regulation of pro-inflammatory markers associated with an
ER-stress response (9), but this has yet to be examined in the
P23H mutant. The NLRP3 inflammasome is a crucial component
of the innate immune system that is traditionally activated by a
variety of stress-associated signals such as pathogens, metabolic
defects, trauma andRNA/DNAdamage (10–12) ultimately leading
to pyroptotic cell death (13). These external and internal signals
result in activation of NLRP3 either through the NF-κB pathway
via Toll-like receptor activation or by the production of reactive
oxygen species (ROS) (13). Activation of the inflammasome is
reported to be a two-stage process requiring a priming event to
up-regulate NLRP3-gene expression (14) and then the secondary
assembly of a cytoplasmic multiprotein complex (NLRP3/ASC/
Casp1). This is responsible for the maturation and secretion of
pro-inflammatory cytokines IL-1β and IL-18 (15,16). Although
inflammasomeactivation via Toll-like receptors iswell-understood,
activation of the NLRP3 inflammasome, via release of ROS from
mitochondria is less well-characterized (11). In particular, the
upstream signals that lead to ROS release are largely unknown.
One recently proposed candidate is cell-death regulator RIP3
that has not only been shown to trigger ROS release (17,18), but
also to activate the inflammasome (19). Although these experi-
ments have highlighted a potential mechanism for RIP3 to
activate the inflammasome in cell culture this hasyet to be estab-
lished as a mechanism in vivo in diseased tissue.

In this study, we investigated late cell-death signaling and
pro-inflammatory pathways in the P23H-1 model of retinal de-
generation. We report that rod photoreceptors die by necroptosis
via an RIP1/RIP3/DRP1 mechanism. Conversely, bystander cell
death (20) in genetically normal cone photoreceptors ismediated
via NLRP3 inflammasome activation. We, therefore, propose that
combinatorial neuroprotection strategies aimed at these two dis-
tinct pathways represents a new therapeutic approach for the
treatment of P23H retinitis pigmentosa (RP).

Results
Delineation of cell-death pathways activated in P23H-1
retina

Progressive photoreceptor degeneration in the retina of the P23H-
1 strain begins at about P15when the eyes open andwas assessed
up to postnatal day (P) 120 where only 3–4 rows of photoreceptor
nuclei remained in the outer nuclear layer (ONL) of the retina
(Fig. 1A–D). Significant numbers of Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL)-positive cells were
seen in the ONL in P23H-1 retina at P15 (286 ± 16 cells/mm2)
with a reduced number at P21, P45 and P120 (118 ± 11, 65 ± 5 and
52 ± 6 cells/mm2, respectively), suggesting that cell death mostly
occurredat the earlier stages of thedegenerativeprocess (Fig. 1E–H).
To determine which cell-death pathways were triggered during
themost active phase of retinal degeneration, we tested the expres-
sion of a number of cell-death markers. Activated caspase-3
(aCasp3) was present in a few photoreceptor nuclei in the

degenerating retina fromP15 to P120 suggesting caspase-dependent
apoptosis was occurring in a limited number of cells throughout
thedegenerativeprocess (Fig. 1I–L), in agreementwithother studies
in the P23H-1 model (8,21). Seeing aCasp3-positive material in the
outer plexiform layer (Fig. 1L) most likely represents cellular debris
migrating to the retinal vasculature for disposal (22). Poly ADP ri-
bosepolymerase (PARP),which is amarkerof caspase-independent
apoptosis, was also detected in the mutant P23H-1 retina (Fig. 1M–

P). At P21, PARP wasmostly present in the inner nuclear layer (INL)
and ganglion cell layers of the retina (Fig. 1N), which do not contain
the dying photoreceptor cells. Only a few photoreceptor cells in the
ONL expressed PARP (Fig. 1N and O), consistent with previous re-
ports showing that expression of PARP was not significantly ele-
vated in the P23H-1 model (8). To determine if the necroptosis
cell-death pathway was activated in P23H-1 retinal degeneration
the expression of RIP1 and RIP3 proteins was also investigated. A
high level of RIP1 expression was observed in both degenerating
rods and cones at P120 compared with wild-type (WT) (Fig. 2A
and B), whereas RIP3 was specifically expressed in rod photorecep-
tors at P21 and P120 (Fig. 2D and F), but not in cone photoreceptors
(Fig. 2E). Relative to WT retinal extracts western blotting in P23H-1
retinal extracts revealeda 5- and 15-fold increase of RIP1 expression
at P45 and P120, respectively (Fig. 2G). Similarly, RIP3 expression
was highly up-regulated in P23H-1 retina compared with WT con-
trols (Fig. 2H). No significant changes in the expression or cleavage
of the autophagic vacuole marker LC3 was observed (Fig. 2I), sug-
gesting that autophagy was not activated (23,24). Collectively,
these results showactivityof a numberof different cell-deathpath-
ways in the degenerating P23H-1 retina.

Cell death in rod photoreceptors

High levels of RIP1 and RIP3 expression suggested that necropto-
sis may be the principal active pathway in rod photoreceptors. In
support of this, lactate dehydrogenase (LDH) levels in vitreous gel
of the eye were measured (as a surrogate for measuring levels in
the extracellular space), since it has been shown that extracellu-
lar LDH increases during necrosis as cells become porous when
they die (25). In keeping with previous studies (26), we found a
dramatic increase in LDH levels in P23H-1 vitreous at P120
(Fig. 2J), suggesting that necroptosis is indeed occurring in
P23H-1 degenerating retina.

We investigated the expression of RIP3 and dynamin-related
protein 1 (DRP1) in the retina since assembly of the RIP1-RIP3
complex activates the GTPaseDRP1 leading to its dephosphoryla-
tion and translocation into the mitochondria (27). DRP1 expres-
sion in P23H-1 whole retinal extracts was increased 2- to 3-fold
over WT levels at P45 and P120 (Fig. 3A). However, in the mito-
chondrial fraction of the P23H-1 retinal extracts, RIP3 was ele-
vated 3- to 6-fold (Fig. 3B) and DRP1 was elevated 4-fold
(Fig. 3C), with only minimal levels detected in theWTmitochon-
drial fractions. This confirmed DRP1 translocation into the mito-
chondria. The expression of PGAM5 was also examined since the
mitochondrial phosphatase PGAM5 is a substrate for RIP3 and
this enzyme complexes with RIP1/RIP3/MLKL in the necrosome
(27). Low levels of PGAM5 were present in the retinal mitochon-
drial fraction of WT eyes whereas we found a 5- to 10-fold in-
crease in PGAM5 in P23H-1 retina (Fig. 3C). We also found that
total mitochondrial protein was reduced by 30% reflecting loss
ofmitochondria through fission and fragmentation. Immunohis-
tochemistry (IHC) demonstrated ubiquitous low-level DRP1
staining in the inner and outer segments of WT photoreceptors.
In P23H-1 retina, DRP1 staining appeared to be preferentially
elevated at the inner/outer segment boundary of rod
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photoreceptors, whereas low levels of DRP1 co-localized with
cone photoreceptors (Fig. 3D), because the unphosphorylated
from of DRP1 is ubiquitously expressed.

Cell death in cone photoreceptors

Previous work has suggested that inflammatory cytokines are
up-regulated in rhodopsin mutant retina (9). Active caspase-1 is
knowntoplaya role in thematurationof IL-1βand IL-18precursors.
In P23H-1, retinal extracts both of thesemature, pro-inflammatory
cytokines could be detected whereas only their precursors were
present in WT retinal extracts (Fig. 3E). To determine if activation
of the inflammasomewas the cause of increased retinal cytokines,
we examined the expression ofNLRP3 and cleaved caspase-1. Both
of these proteins were detected in the inner segments of mutant
photoreceptors (Fig. 4B and D). On further analysis, intracellular
NLRP3 expression was detected in cone photoreceptors cells that
were identified with an extracellular marker [peanut agglutinin
(PNA)] that detects the cone matrix sheath of the inner and outer
segments (Fig. 4F). NLRP3 did not label the inner segments of rod
photoreceptors (Fig. 4H). In addition, a low level of NLRP3 expres-
sion could be seen in the INL of the retina suggesting

inflammasome activation in non-photoreceptor cell types
(Fig. 4H), possibly reflecting previously reported cone bipolar cell
loss in retinal degeneration (28,29). Western blot (WB) analysis
confirmed the presence of NLRP3 in P23H-1 retina, whereas this
proteinwas undetectable inWT retinal extracts (Fig. 4G). Pro-cas-
pase-1 (pCasp1) was present at low levels in WT retina extracts,
but was present at a 10-fold higher level in P23H-1 retina. The ac-
tive, cleaved from of caspase-1 however was only present in
P23H-1 retina extract (Fig. 4G).

Inflammasome activity in other retinal cells

Microglia are the main source of localized, innate immunity in
the CNS and retina where they are actively recruited to release
IL-1β into damaged tissue (30,31). IHC using microglial surface
marker Iba1 showed that a few resident microglia could be iden-
tified in the inner retina ofWT retina at P120 (Fig. 5A), in compari-
son with P23H-1 retina which showed increased numbers of
microglia that were recruited to andmigrating through the retina
to the photoreceptor layer (Fig. 5B).Whole-mount retinal staining
for Iba1 showed numerous microglia in P23H-1 retina, but very
few inWT retina (Fig. 5D and E). We also identified Cd11b surface

Figure 1. Active cell-death pathways in P23H retina. Representative images are shown from the eyes of each of six animals per age group (n = 12) that were tested with all

antibodies from two independent experiments. (A–D) H&E stained sagittal sections through WT and P23H retina at postnatal days (P) 21, P45 and P120. OS/IS,

photoreceptor outer segment/inner segment layer; ONL, photoreceptor outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar in (A) = 50 µm.

(E–H) Retinal sections showing photoreceptor nuclei undergoing cell death by TUNEL staining (green). Nuclei counterstained with DAPI. Scale bar in (H) = 25 µm and

represents the image size in all confocal sections. (I–L) aCasp3 labeling (green). (K) Inset shows aCasp3 in photoreceptor nuclei and in the inner segment of a

photoreceptor. Arrows, aCasp3-positive cells. (L) Arrows denote cells in the outer plexiform layer of the retina. (M–P) PARP staining (red) in retina sections. (O) Inset

shows PARP labeling in a single nucleus. (P) Arrows, PARP-positive cells in outer plexiform layer of the retina.
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marker expression in activated microglia and this co-localized
with the presence NLRP3 in about one-third of the cells
(Fig. 5G), indicating inflammasome activation in retinal micro-
glia. A 25-fold increase in the number of Iba-1-positive cells in
P23H-1 retina was also observed, indicative of large microglia
infiltration (Fig. 5I).

Since inflammasome activation has been detected in da-
maged retinal pigment epithelium (RPE) cells in age-related
macular degeneration (AMD) (32) we also looked for the presence
of NLRP3 and cleaved caspase-1 in the RPE of P23H-1 eyes. ByWB
analysis no up-regulation of these markers was observed in RPE
extracts from either WT or P23H-1 animals up to P120 (Supple-
mentary Material, Fig. S1A). Furthermore, there was no loss of
tight junction integrity between P23H-1 RPE cells (Supplementary
Material, Fig. S1B and C) that has been described in RPE undergo-
ing inflammasome activation associatedwith the release of IL-18
(32). This suggests that pro-inflammatory cytokines are not re-
leased from the RPE to cause photoreceptor damage in the
P23H-1 model. We did note, however, that at 1 year of age the
RPE had started to lose its tight junction integrity (Supplemen-
tary Material, Fig. S1D), which could be in response to secretion
of IL-18 from the P23H retina causing RPE cell death.

Effect of cell-death inhibitors in the P23H-1 retina

To further validate the role of the various cell-death pathways ac-
tivated in the P23H-1 model, we looked at the effects of known

inhibitors including: calpeptin (a calpain inhibitor); 3-aminoben-
zamide (3-AB, a PARP inhibitor); necrostatin-1s (Nec-1s, a RIP1
inhibitor) and N-acetylcysteine (NAC anti-oxidant/inhibitor of
NLRP3). Rats received once daily subcutaneous injections of
drugs that started at P21 and continued until P120. Histological
analysis of retinal sections taken from central retina locations
(superior and inferior loci in the posterior pole of the eye), in
P120 WT, sham-treated and drug-treated mutant retina were
examined. The ONL thickness in sham-treated animals was
only 2–4 nuclei, whereas WT retina had an ONL thickness of
10–12 nuclei at P120 (Supplementary Material, Fig. S2). All test
compounds resulted in some preservation of ONL thickness
(four to six nuclei thick), except 3-AB, which appeared to have
little effect. A more rigorous, spiderplot comparison was made
to quantitatively compare the ONL thickness for the entire retina
(Fig. 6A). This revealed that across the retina overall, most histo-
logical benefit was obtained with Nec-1s, followed by NAC,
calpeptin and 3-AB treatments (Fig. 6B).

We also examined the effect of the different cell-death inhibi-
tors on rod photoreceptor function by measuring maximum
b-wave amplitudes generated by electroretinography (ERG) after
dark adaptation in vivo. In the sham-treated P23H-1 rats at P21
the b-wave amplitude was already reduced from WT levels
by 30% (450 µV versus normal maximum b-wave amplitude is
∼625 µV), followed by a gradual decline over time to 225 µV at
P120. All cell-death inhibitors to some extent slowed the decline
in retinal ERG responses to ∼300 µV at P120 (Fig. 6C). Statistical

Figure 2. Expression of necroptosis and autophagy markers in WT and P23H rat retina. (A) Low expression of RIP1 (red) in WT retina at P120. Cones identified by PNA

staining (green); nuclei counterstained with DAPI. ONL, outer nuclear layer; INL, inner nuclear layer. (B) RIP1 (red) labels all rod and cone photoreceptors in P23H

retina. RIP1 localization in cone photoreceptors confirmed with PNA/RIP1 co-labeling (yellow) inset: higher magnification of co-localization. Arrow, nuclear

fragmentation. (C) No RIP3 (green) labeling in WT retina. Rod photoreceptor outer segments labeled with rhodopsin (RHO, red) antibody. Scale bar in (A–C) = 20 µm. (D)

Co-localization of RIP3 (green) with rod photoreceptor cells (red) in P23H retina at P120. Inset: higher magnification of co-localization at the base of the rod outer segment

(OS). (E) RIP3 expression (red) does not co-localizewith PNA labeling of cone cells (green). (F) Co-localization of RIP3 (green)with rod photoreceptor cells (red) in P23H retina

at P21. Scale bar in (D–F) = 10 µm. Representative confocal images in (A–F) are from eyes of each of six animals per age group (n = 12) from two independent experiments.

Immunoblots of temporal protein expression levels for RIP1 protein (G), RIP3 protein (H) and (I) two LC3 isoforms from retinal extracts P21, P45 and P120. LC3 expression

only shown at P120. Protein loading control, β-actin. Blots are representative of three independent experiments. (J) Comparison of LDH activity in WT and P23H vitreous

sample at P120. Data plotted as mean ± SEM (n = 3), and statistical significance was determined using the Student t-test, *P < 0.01.
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significance was determined using two-way analysis of variance
(ANOVA) on the five different P23H-1 treatment groups. This
showed significant effects of time (P = 0.025) and treatment
(P = 0.008). Post hoc (Tukey) comparisons between treatment
groups showed significant effects of calpeptin versus sham
(P < 0.03); 3AB versus sham (P < 0.01); Nec-1s versus sham
(P < 0.01) and NAC versus sham (P < 0.01).

Photoreceptor outer segments were assessed with a rhodop-
sin antibody to determinewhether cell-death inhibitor treatment
had any effect on inner segment/outer segment integrity. Nec-1s,
NAC and calpeptin appeared to result in elongated outer
segments and improvements to the photoreceptor structural
organization compared with sham-treated retina or treatment
with 3-AB (Fig. 6D). WB assessment demonstrated little PARP ex-
pression in either 3-AB-treated or sham-treated P23H-1 retina
(Fig. 6E). Nec-1s eliminated RIP1 expression (Fig. 6F), decreased
RIP3 expression by 4-fold (Fig. 6G) and also reduced the expres-
sion of NLRP3 (Fig. 6H). NAC treatment resulted in a 50% decrease
in NLRP3 expression (Fig. 6I).

We also examined the effect of the cell-death inhibitors spe-
cifically on cone photoreceptor survival (P45–P120). In the P23H-1
model, cone-cell survival is compromised after the peak of rod
cell death has occurred (33). Calpeptin and 3-AB had no effect
on preventing cone loss or preserving cone morphology

compared with sham-treated controls (Fig. 7A–C), whereas rats
treated with Nec-1s or NAC had elongated cone outer segments
(Fig. 7D and E). This preservation in morphology was quantified
by counting PNA-positive cone photoreceptors in retinal flat-
mounts (Fig. 7F–H) as previously described (34). This highlighted
a significant increase in the number of cones in treated eyes
compared with sham-treated controls (Fig. 7I; P < 0.01, n = 6). We
have shown that RIP1 (Fig. 2B) and NLRP3 (Fig. 4F) are expressed
in degenerating cones. Inhibition of RIP1 byNec-1s and inhibition
of NLRP3 expression by NAC might explain the survival of
these cones. We examined the expression of phosphorylated
NF-κB since ubiquitylation of RIP1 promotes activation of
NF-κB-mediated pro-inflammatory pathway and suppresses the
activation of the RIP1 kinase activity required for RIP3-dependent
necroptosis (35). We found that at P120, P23H-1 mutant retinal
extracts had a high level of expression of NF-κB compared with
WT controls, and that treatment with Nec-1s reduced NF-κB
expression by 15-fold (Fig. 7J). One of the downstream effects of
RIP1 activity is NF-κB-mediated IL-1α secretion (36). Quantitative
RT-polymerase chain reaction (PCR) revealed that in P23H-1
retina there was a 5-fold increase in IL-1α expression, whereas
treatment with Nec-1s significantly reduced IL-1α expression to
only 1-fold (Fig. 7K; P < 0.01, n = 5), suggesting that up-regulation
of IL-1α was a RIP1-dependent response in the P23H-1 retina.

Figure 3. Expression of downstream targets of RIP3. (A) Immunoblots from two independent experiments show DRP1 expression levels in WT and P23H mutant retinal

extracts fromsix eyes each at P21, P45 and P120. (B) Immunoblots of the RIP3 expression levels inWTand P23Hmutantmitochondrial fractions from retinal extracts at P21,

P45 and P120. (C) Immunoblots showing temporal expression of the DRP1 and PGAM5 proteins in themitochondrial fraction of retinal extracts in fromWTand P23H eyes.

(D) Merged images of DRP1 (green) and rhodopsin (red) co-localization in mitochondria at the inner segment (IS)/outer segment (OS) boundary (inset) of P23H rod

photoreceptors, compared with low levels of DRP1 in WT photoreceptor IS/OS (inset). Lower panel, low-DRP1 expression (red) in cone photoreceptors (green PNA

labeling). Size bar = 20 µm. The eyes of each of three animals per age group (n = 6) from two independent experiments were examined. (E) The presence of both mature

IL-18 and IL-1β in P23H mutant whole eye extracts indicative of active inflammatory protein processing events. Loading control, β-actin.
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The cone function was measured by the 30 Hz flicker ERG re-
sponse in vivo and treatmentwithNec-1s resulted in a 30 Hz flick-
er response that was not significantly different from WT at P120
(P < 0.20, n = 10), whereas the other cell-death inhibitors all re-
sulted in a smaller 30 Hz flicker (P < 0.01, n = 10), but better than
sham-treated controls (Fig. 7L). Statistical significancewas deter-
mined using two-way ANOVA on the P23H-1 treatment groups,
and showed significant effects of time (P = 0.018) and treatment
(P = 0.008). Post hoc (Tukey) comparisons between treatment
groups showed significant effects of calpeptin versus sham
(P < 0.001); 3-AB versus sham (P < 0.01) and NAC versus sham
(P < 0.03). The data from these cell-death inhibitor studies
support the concept that cone cell death is dependent on both in-
flammasomeactivation aswell as a RIP1-mediated inflammatory
response.

Quantitative analysis of TUNEL-positive cells in the retina
after treatment with individual cell-death inhibitors revealed
significantly fewer TUNEL-positive cells than in untreated eyes
for calpeptin, Nec-1s and NAC at P45 (Fig. 8A), but at P120 only
Nec-1s resulted in significantly fewer TUNEL-positive cells
(P < 0.05, n = 8). At neither timepoint did 3-AB have any effect
on cell death (Fig. 8A). Since DRP1 activity promotes mitochon-
drial damage (fission) and the subsequent production of react-
ive oxygen species, we examined carbonyl adduct formation
derived from protein oxidation (37). In P23H-1 retina, the

carbonyl content was significantly increased at P120 (P < 0.05,
n = 6), whereas treatment with Nec-1s and NAC lowered the car-
bonyl content, reflecting less oxidative damage to the retina
(Fig. 8B). Furthermore, since we previously observed mature IL-
1β expression in P23H-1 retina we also examined whether NAC
affected cytokine expression (NAC inhibits NLRP3 and inflam-
masome activation) (38). At P120, the amount of IL-1β was sig-
nificantly reduced by 90% (P < 0.001, n = 6) (Fig. 8C). Since
NLRP3 inflammasome activation requires a priming step, most-
ly via a cell-surface receptor we examined whether P2RX7, a
well-known inflammasome activator (39,40), was the cause of
up-regulated NLRP3 in cone photoreceptors. One eye of P23H-1
animals at P120 was treated with an intravitreal injection of
the P2RX7 inhibitor Brilliant Blue G (BBG) (41), whereas the
other eye was injected with vehicle control. Retinas were ana-
lyzed 1 week later by WB. This revealed a down-regulation of
NLRP3, cleaved caspase 1 and mature IL-1β proteins in the trea-
ted eyes (Fig. 8D). These results suggest that cones are respond-
ing to extracellular levels of adenosine triphosphate (ATP) (42)
that can trigger activation of the inflammasome via the P2RX7
receptor. Dying and dead cells release a wide array of molecules
including ATP and high-mobility group box-1 protein (HMGB1)
(43). We investigated the gene expression levels of HMGB1, as
well as IL-18 and IL-1β and found that these genes were all up-
regulated in P23H-1 retinas (Fig. 8E).

Figure 4. Expression of markers of inflammasome activation in WT and P23H rat retina. Representative confocal images are from eyes of each of three animals per age

group (n = 6) from two independent experiments. (A and B) Arrows point to localization of NLRP3 (green). IS, inner segments; ONL, outer nuclear layer; scale bar = 5 µm.

(C andD) Arrows point to localization of cleaved caspase-1 (cCasp1) in red. INL, inner nuclear layer. Scale bar = 10 µm. (E and F) co-labeling ofNLRP3 (red)with PNA labeling

of cone photoreceptors (green) in WT or P23H retina. Scale bar = 20 µm. (F) Inset shows co-localization of NLRP3 at higher magnification in a cone photoreceptor.

(G) Immunoblots of NLRP3, pCasp1 and cleaved caspase-1 (cCasp1) expression in WT and P23H retinal extracts from six eyes at P21, P45 and P120. Blots are

representative of two independent experiments. (H) NLRP3 (green) does not co-localize with mutant rod photoreceptors (red).
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Finally, since we saw a 25-fold increase in the number of
microglia in the mutant retina (Fig. 5I) we investigated the effect
of the different inhibitors on microglial activation. Immunocyto-
chemistry revealed fewer microglia in the NAC-treated retina
compared with untreated controls (Fig. 5C and F) and quantifica-
tion showed that both NAC and Nec-1s reduced significantly
the number of microglia present in the retina (*P < 0.001, n = 6),
compared with the other inhibitors (Fig. 5I).

Cone cell death in the P23Hmouse is anNlrp3-dependent
process

Since our data revealed that components of theNLRP3 inflamma-
some were activated during cone photoreceptor cell death, we
generated a mouse line that expressed the heterozygous P23H

rhodopsin mutation (44) on an Nlrp3−/− knock-out background
(45) to see if we could prevent cone cell death. Bywestern blotting
NLRP3 was not detectable in WT or Nlrp3-deficient retinal or RPE
extracts (Fig. 9A). In contrast NLRP3 was up-regulated in the P23H
retina, however, it was not detectable in P23H;Nlrp3−/− retina nor
in RPE extracts, demonstrating that genetic deficiency of Nlrp3
was confirmed at the protein level in the retina. Since NLRP3 in-
teracts with pro-caspase 1 leading to its cleavage, we also tested
for cleaved Casp1 (cCasp1). Low levels of cCasp1 were present in
WTandNlrp3−/− retinal and RPE extracts; however, in P23H retina
we observed a 10-fold increase in cCasp1 expression (Fig. 9A). On
the P23H;Nlrp3−/− background expression of cCasp1 was reduced
to background. The downstream target of inflammasome activa-
tion is processing of the precursor form of IL-1β to its mature
form by cCasp1. The mature IL-1β was detected in P23H retinal

Figure 5. Microglial activation inWT and P23H rat retina at P120. (A–C) Sagittal sections through retina showing localization of Iba1 (red) that labels resting and activated

microglial cells. ONL, outer nuclear layer, INL, inner nuclear layer. Size bar in (A–C) = 50 µm. P23H retina treatedwithN-acetylcysteine (NAC). (D–F) Images of retinalwhole-

mount (photoreceptor surface facing up) showing Iba1-positive cells across the retina in P23H retina. Scale bar in (D–F) = 100 µm. Representative images in (A–F) are from

eyes of each of three animals per age group (n = 6) from two independent experiments. (G) About one-third of retinal microglial cells co-expressed inflammasomemarker

NLRP3 (green) and the activatedmicroglial surfacemarker Cd11a (red). (H) Negative control for (G) (no primaryantibodies). (I) Quantification of the numberof Iba-1 positive

cells with different treatments in P23H mutant (MT) retina. NAC, N-acetylecysteine; Calp, calpeptin; 3AB, 3-aminobenzamide; Nec1s, necrostatin-1s. Data presented as

mean ± SEM (n = 6 per treatment). Statistical significance was determined using the Student t-test; *P < 0.01; **P < 0.001. NS, not significant.
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Figure 6. The effect of inhibitory compounds on the retina. (A) Spider plot of ONL thickness in the retina in sham and drug-treated P23H rats at P120. (B) The mean ONL

thickness across the whole retina was analyzed by averaging the measurements used in spider plots. Data presented as mean ± SEM, (n = 6 eyes per group). Statistical

significance was determined using Student’s t-test,*P < 0.001; **P < 0.01. (C) Comparison of maximum dark-adapted ERG b-wave responses analyzed at P21, P45, P90 and

P120 for WT and drug-treated retinas. Data plotted as mean ± SEM (n = 12 eyes per group). (D) Rhodopsin labeling (red) of sham or drug-treated photoreceptor outer

segments. Calp: calpeptin; 3AB, 3-aminobenzamide; Nec1s, necrostatin-1s, NAC, N-acetylcysteine. (E) Immunoblot of PARP in retinal extracts from P23H retina with

sham or 3-AB treatment. Loading control β-actin. (F) Immunoblot of RIP1 in retinal extracts from P23H retina with sham or Nec-1s treatment. (G) Immunoblot of RIP3

retinal extracts from P23H retina with sham or Nec-1s treatment. (H) Immunoblot of NLRP3 retinal extracts from P23H retina with sham or Nec-1s treatment. (I)
Immunoblot of NLRP3 retinal extracts fromP23H retinawith shamorNAC treatment. All immunoblotswere tested on retinal extracts from three eyes per treatment group.

1508 | Human Molecular Genetics, 2016, Vol. 25, No. 8



samples, but not in retina fromP23H;Nlrp3−/−mice (Fig. 9A). In the
P23H;Nlrp3-deficient retina there were significantly more cones
than in P23H retina, both qualitatively as observed by IHC
(Fig. 9B) and quantitatively (Fig. 9C; 19 × 103 versus 12 × 103

cones/mm2, respectively; n = 5, P < 0.01). The in vivo 30 Hz flicker
response in cones from the P23H;Nlrp3−/− retinawas significantly
better than P23H retinal responses (n = 5, P < 0.05), andwaswithin
the normal range of WT responses (Fig. 9C). Together these data
demonstrate that cone cell death in the P23Hmousemutant is an
inflammasome-dependent process.

Discussion
Through anatomical, genetic and functional studies in the P23H
rhodopsin model of retinal degeneration we have identified
several different cell-death pathways that are active and identify
a new pathway for bystander cone cell death. In rod photorecep-
tors, cell death occurs principally through necroptotic-mediated
signaling whereas activation of the NLRP3 inflammasome occurs
in cone photoreceptors and retinal macrophages (Supplementary
Material, Fig. S3). Our data, therefore, highlight that distinct, photo-
receptor-specificmechanisms drive P23H retinal degeneration and

suggests that limiting both the inflammasome-driven response
andnecrotic signaling is pivotal in designing therapeutic strategies
to prevent cell loss.

Previous studies of later photoreceptor cell-death signaling in
the P23Hmodel have implicated caspase-independent apoptosis
(8) and autophagy (23). Other work has also highlighted oxidative
stress and the production of ROS (46). In our current study,
we find that caspase-independent cell death seems to be a pan-
retinal response, butmight only be aminor player in photorecep-
tor cell death. This is because few cells express the relevant
markers and the relevant inhibitors (calpeptin and 3-AB) have a
smaller effect on numbers of TUNEL-positive cells in comparison
with the effects of inhibiting necroptosis (Nec-1s). Furthermore,
our finding that there is a little change in LC3 processing suggests
that autophagy is also a lesser consideration. This contrasts with
previous studies (23) probably because animalswere only studied
animals up to P60 whereas in our study LC3 was assessed at
much later timepoints.

Most cell-death studies in the P23H model have concentrated
on earlier signaling events. For example, studies have demon-
strated that misfolded and abnormally glycosylated P23H
rhodopsin is retained and degraded within the ER (6,7,47–49)

Figure 7. The effect of inhibitory compounds on cone photoreceptor viability. Representative sagittal sections (n = 12) through P23H central retina at P120 that were (A)
sham-treated; (B) treated with calpeptin; (C) 3-AB, 3-aminobenzamine; (D) Nec1s, necrostatin-1s; (E) NAC, N-acetylcysteine. Cones are labeled with PNA (green) and

nuclei stained with DAPI. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar in (A) = 20 µm and is the same in all panels.

PNA-labeling of cones in retinal flatmounts at P120 that were (F) sham-treated, (G) treated with Nec1s or (H) treated with NAC. (I) Quantification of PNA-labeled cones

in (F–H). Statistical significance was determined using ANOVA. * P < 0.01, (n = 6 eyes per group) (J) Expression of phosphorylated NF-κB in WT retina compared with

P23H retina in the presence or absence of Nec1s at P120. β-actin used as loading control. (K) Semi-quantitative PCR of IL-1α expression in mutant and Nec1s-treated

P120 P23H retina. Nec1s resulted in a 4 fold reduction in IL-1α expression (*P < 0.05, n = 6). (L) 30 Hz Flicker responses from the electroretinogram, representing cone

function over length of treatment time. *P < 0.05. Data plotted as mean ± SEM (n = 10 per treatment).
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promoting ER stress pathways (50). Reducing stability and ER exit
of P23H rhodopsin by preventing chromophore binding can pro-
mote cell death (51) and retinal degeneration (52,53), and that
measures directed at ER stress reduction can alleviate retinal
degeneration (54). We hypothesize that the established ER-stress
response in the P23H-1 model results either directly or indirectly
in necroptosis in rod photoreceptors due to up-regulation of RIP3/
RIP3 complexes and DRP1/PGAM5 activity, that subsequently
leads to an influx of calcium into mitochondria (55) that precipi-
tates necroptosis (27). Amajor role for necroptosis is also implied
by our results showing elevated LDH, a hallmark feature of

necrotic tissue (25). Although necroptosis has also been impli-
cated in the pathophysiology of other retinal diseases such as
AMD (56), retinal detachment (57) and retinal ischemia (58), it
has not been reported in adRP.

Secondary death of cones in RP has been the topic for much
recent work and has led to many hypotheses as to why such
‘bystander’ cell death occurs (20). Proposed pathways include:
oxidative stress and ROS production (59); reduced secretion
of rod-derived cone viability factor (60); nutritional deficits inhi-
biting the insulin/mTOR pathway (61) and nitric oxide release
from glia cell activation (62). Our results alternatively highlight

Figure 8. Quantitation of inflammasome activation and inhibition of the P2RX7 receptor. (A) TUNEL-positive cell counts at P45 and P120 in WT, P23H (MT), MT + Calp,

MT + 3AB, MT +Nec1s and MT +NAC. Data plotted as mean ± SEM (n = 8 per treatment); *P < 0.05. (B) Carbonyl content in retinal extracts of WT and MT retina treated

with Nec-1s and NAC at P120. Data from two independent experiments in triplicate, plotted as mean ± SEM. *P < 0.05 and **P < 0.01. (C) Quantification of IL-1β protein in

P23H retinal extracts at P21, P45 and P120 with or without NAC treatment. Data plotted from two independent experiments in triplicate, as mean ± SEM. *P < 0.001. (D)

Immunoblots of NLRP3, pro-IL-1β, mature IL-1β, pCasp1 and cCasp1 in P23H rat retinal extracts (n = 6) that was either sham-treated or treated with BBG. β-actin was

used as a loading control. (E) Semi-quantitative RT-PCR to measure the change in gene expression levels of HMGB1, IL-18 and IL-1β compared with untreated P23H

eyes. Data from two independent experiments in triplicate (n = 6), plotted as mean ± SEM. *P < 0.05. Statistical significance was determined using Student’s t-test.
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a central role for inflammasome activation and pyroptosis in this
bystander effect. Our data on the P23H mutation on the Nlrp3-
deficient background confirm that secondary cone cell death is
an inflammasome-dependent process. This is supported by our
results, which show that the P2RX7 antagonist BBG inhibits
the up-regulation of inflammasome components in cones. We
hypothesize that activation of P2RX7 receptors leads to assembly
of the NLRP3 inflammasome either directly (63) or via ROS (64),
with subsequent increased IL-1β and IL-18 cytokine production
and ensuing pyroptosis. P2RX7 receptors respond to local extra-
cellular ATP levels (42) and it has already been shown that P23H
retina tissue has elevated levels of ATP (26). We propose that
rod photoreceptors undergoing necroptotic cell death, release
their cellular contents including bioactive molecules such as
ATP and the ‘damage-associated molecular pattern molecule’
HMGB1, which leads to inflammasome activation in cones.
Thus, inhibition of the RIP1/RIP3 pathway in rods to prevent
HGMB1 releasemay also be a potential target to dampen second-
ary cone cell loss. Together these results suggest that secondary
cone cell death occurs via pro-inflammatory mechanisms.

Other diseasemodels have demonstrateddysregulation of the
inflammasome in chronic disease, for instance, in: gout; athero-
sclerosis; Alzheimers and type 2 diabetes (65). In eye disease,

activation of the inflammasome has only been reported in AMD
in the RPE layer of the retina (32). There is, however, growing
clinical evidence to suggest that there is an inflammatory compo-
nent in human RP (66). Furthermore, induced recruitment of
microglia to the retina (67) and retinal preservation using anti-
oxidant/anti-inflammatory drugs (68) have also been shown in
retinal degeneration models. Recently, it has been suggested
that the anti-inflammatory effect of NAC occurs via inhibition
of mRNA expression of NLRP3, Il-18 and IL-1β (38). Our data pro-
vide direct evidence that treatment with NAC not only inhibited
NLRP3 and Il-1β expression thereby preserving cone viability, but
also reduced the number of retinal microglia.

Our findings are in contrast to recent work in the rd10 mouse
(34). In that study, rd10 mice were crossed with Rip3 knock-out
mice to generate rd10/Rip3−/− animals that were subsequently
treated with Nec-1 and pan-caspase inhibitor IDN-6556. That
study concluded that cone photoreceptors in this model die via
necroptosis and rods probably by apoptosis. This difference in
late cell-death signaling between the rd10 and P23H mice is
possibly explained by the fact that the genetic abnormalities
in these two models are very different; the former resulting
in a loss-of-function phenotype whereas the later results in a
gain-of-function ER-stress response. It is likely that different

Figure 9. Inflammasome activation and cone cell death in different P23H genotypes. (A) Western blots in retinal and RPE extracts from each genotype for NLRP3, pCasp1,

cCasp1, Pro-IL-1β (pIL-1β) andmature IL-1β (mIL-1β). β-actin was used as the loading control. (B) Representative sagittal sections through the central retina of mice at P120

(n = 6). Cones are labeled with PNA (green) and nuclei stained with DAPI. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar in P23H

image = 20 µm and is the same in all panels. (C) Dual histogram showing the quantification of the number of cones for each genotype (left axis, white bars) and 30 Hz

Flicker responses from the electroretinogram (right axis, black bars). Data plotted as mean ± SEM (n = 5; *P < 0.01 and **P < 0.05).
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cell-death pathways are triggered in different RP genotypes. This
would also explain for instance why necroptosis has been impli-
cated in both rod and cone cell death in the interphotoreceptor
retinoid-binding protein-deficient mouse model of RP (69).
Previous published data on the P23H model may also warrant
re-interpretation. For example, it has been suggested that XIAP
gene therapy in the P23H rat preserves retinal structure and
ERG responses by inhibition of caspase-3, -7 and -9 (70). However,
no evidence was provided in the study to demonstrate that the
activity of these three caspases was reduced. Our results show
limited presence of activated caspase-3 in the degenerating
P23H retina, which is in agreement with other studies that
show caspase-3 and -9 do not significantly contribute to the
underlying pathology in the P23H model (21). Alternatively, it
has been shown that XIAP also inhibits RIP3-dependent cell
death and activation of the inflammasome in dendritic cells
(19), thus we propose that it is this mechanism at play when
XIAP gene therapy rescues the P23H animal rather than inhibit-
ing apoptosis.

One significant consequence of identifying the cell-death sig-
naling response in RP is the opportunity for therapeutic benefit.
This has led to a number of pre-clinical studies seeking to
enhance or inhibit the unfolded protein response (UPR) (50,71–
73); however, these studies have not fully clarified the role of
the UPR in rhodopsin-mediated cell death. Other studies have
attempted to prevent cell death directly (8). It is particularly not-
able, however, that inhibition of individual pathways in isolation
never seems to completely stop degeneration and also this
limited histological benefit is often associated with even less
functional benefit (74). One possible explanation for this discon-
nect between histological and functional benefits may be that in
any particular degeneration, as seen in this study, many cell-
death signaling pathways are triggered such that individually
targeting any single pathway is unlikely to have a large effect.
This could suggest that a combination drug strategywhere a num-
ber of drugs target multiple pathways might be more effective.

In summary, these studies reveal NLRP3-dependent inflam-
masome activation as a new molecular mechanism driving
cone photoreceptor cell death in one of the most common
forms of human RP. Such cell death, via bystander cell signaling,
has been shown to be an important phenomena in many other
systems, for instance: during development in (75); infection
(76); neurological disease (77) and Alzheimer’s disease (78). The
phenomenon of bystander cell death has also been used thera-
peutically to treat cancer (79). Activation of the inflammasome
may explain why previous therapeutic strategies targeting P23H
mutant protein do not fully rescue the progression of disease in
the long term, and suggests that combination therapy targeting
the inflammasome in addition to other identified cell-death
pathways might be more beneficial.

Materials and Methods
Animals

Homozygous P23H-1 transgenic rats (obtained from Professor
Matt LaVail, University of California at San Francisco, CA, USA)
were crossed toWT pigmented Long–Evans rats to obtain hetero-
zygous offspring for these studies. Homozygous P23H knock-in
mice and Nlrp3 knock-out mice were obtained from Jackson
Labs and crossed to generate double heterozygote offspring and
then backcrossed to generate P23H;Nlrp3−/− mice. Animals were
maintained on a 12 h light/dark cycle and research carried out
in accordance with protocols compliant to the Canadian Council

on Animal Carewith the approval of the Animal Care Committee
at the University of British Columbia andwith the Association for
Research in Vison and Ophthalmology statement for the use of
animals in vision research. Equal numbers of male and female
rats and mice were used in this study. Rats received once daily
subcutaneous injection of various cell-death inhibitors: RIP1 in-
hibitor, necrostatin-1s (Biovision), 15 mg/kg body weight; PARP
inhibitor, 3-aminobenzamide (Sigma-Aldrich), 25 mg/kg body
weight; calpain inhibitor, calpeptin (Calbiochem), 250 μg/kg
body weight; anti-oxidant, NAC (Sigma-Aldrich), 150 mg/kg
body weight. For sham treatments rats received daily phosphate
buffered saline (PBS) injections. Treatment started at P21 and
continued until P120.

Antibodies

Primary antibodies [catalog number, dilution and application
WB; IHC) were obtained from Sigma-Aldrich: β-actin (A5441,
1:3000 WB), RIPK1 (SAB3500420, 1:200 IHC, 1:500 WB), RIP3
(PRS2283, 1:1000 WB); from Abgent: RIPK3 (AP7184a, 1:1000 IHC,
1:500 WB), from Cell Signalling: cleaved caspase-3 (9661s, 1:200
IHC), DRP1 (8570, 1:200 IHC, 1:1000 WB), from Abcam: LC3
(ab48394, 1:500 WB), IL-1β (ab9722, 1:200, IHC, 1:500 WB), PARP
(ab110915, 1:200 IHC, 1:1000 WB); NLRP3 (ab91413, 1:200 IHC,
1:500 WB), Cd11b (ab8879, 1:200 IHC), rhodopsin 1D4 (ab5417,
1:500 IHC); from Santa Cruz: IL-18 (7954, 1:200 WB), NF-κB (sc-
101749, 1:250 WB); from Millipore: caspase-1 (AB1871, 1:50 IHC,
1:500 WB), from Wako: Iba1 (019-19741, 1:300 IHC); from Invitro-
gen: ZO-1 (40-2200, 1:100 IHC). Secondary antibodies [catalog
number, dilution and application (WB; IHC)] were obtained
from Invitrogen: AlexaFluor® 594 goat anti-mouse IgG (A-11005,
1:200 IHC), AlexaFluor® 488 goat anti-mouse IgG (A-11001, 1:200
IHC), AlexaFluor® 488 goat anti-rabbit IgG (A-11008, 1:200 IHC),
AlexaFluor® 594 goat anti-rabbit IgG (A-11012, 1:200 IHC); from
Rockland: Rabbit antibody IR Dye800 conjugated (611-132-003,
1:15 000 WB). Fluorescently conjugated lectins were as follows:
fluorescein isothiocyanate-PNA (Sigma-Aldrich, L7381, 1:100,
IHC), AlexaFluor® 568 phalloidin (A12380, 1:100, IHC).

Histology and IHC

Eyes were fixed in 2.5% glutaraldehyde in 0.1  sodium cacody-
late buffer fixative (Electronmicroscopy Sciences) for 1 h prior to
processing. For histology paraffin-embedded eye sections (4–
6 µm thick) were stained with hematoxylin and eosin (H&E and
photographed using an Olympus BX46 Clinical Microscope in
the superior or inferior central retina. For cryostat sectioning,
eyes were cryopreserved in 30% sucrose overnight, snap frozen
and then embedded in Polyfreeze medium (Polysciences). Sagit-
tal sections (∼10 µm thick) were incubated overnight at 4°C with
primary antibody diluted in blocking buffer (2% normal goat
serum, 0.1% Triton X-100 in PBS). After extensive washes in
PBS-Tween 20, localization of antibody labeling was detected
after a 1 h incubation with secondary antibody diluted in PBS
containing 2% normal goat serum. Nuclei were counter stained
with 4′, 6-diamidino-2-phenylindole (DAPI). TUNEL staining
was carried out on retinal cryosections that had been post-fixed
in ethanol:acetic acid (2:1) for 5 min at −20°C followed by two
washes in PBS, 5 min each wash. Following manufacturer’s in-
structions, the ApopTag® Fluorescein In Situ Apoptosis Detection
Kit (Millipore) was used to detect levels of apoptotic cell death.
For retinal and RPE flatmounts, the anterior segment of the eye
was removed after fixation and then the retina dissected off the
RPE/choroid in one sheet. Retinal tissue was blocked with 3%
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non-fat driedmilk and 0.3% Triton X-100 in PBS for 1 h, and incu-
bated with primary antibodies or lectins according to manufac-
turer’s instructions. RPE/choroid flatmounts were blocked with
5% bovine serum albumin and 0.5% Triton X-100 in PBS for 1 h,
and incubated with zonula occludens-1 antibody alone or co-
labeled with phalloidin. After incubation with secondary anti-
bodies, retinal and RPE/choroid flatmounts were transferred to
a microscope slide, small cuts were made in the tissue so that
it could be flattened and then they were mounted using Fluoro-
mount-G (Southern Biotech). All immunofluorescent images
were acquired using a Zeiss 510 laser scanning confocal micro-
scope. For cone and microglial flatmounts, the cell counts were
averaged in six eyes from four areas in the superior, inferior, tem-
poral and nasal retina ∼0.5 mm from the center of the optic nerve
using the ImageJ software.

Western blotting

Briefly, the neuroretina or RPEwere snap frozen in liquid nitrogen
and homogenized by sonication in lysis buffer [10 m Tris–base,
pH 7.4, 150 m NaCl, 1 m ethylenediaminetetraacetic acid
(EDTA), 1 m ethylene glycol tetraacetic acid (EGTA), 1% Triton
X-100, 0.5% NP-40, protease and phosphatase inhibitor cocktail
(Roche)]. Protein concentration was determined by the DC
protein assay (Bio-Rad, Hercules, CA, USA). Proteins (40 μg) were
separated by sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis, transferred to Immobilon-FL membrane (Millipore),
blocked in 5% non-fat milk powder in PBS/0.1% Tween 20 (PBST)
for 2 h at RT and incubated overnight at 4°C with primary anti-
body in the same buffer and diluted according to manufacturer’s
instructions. Following threewashes in PBST, themembranewas
incubated in the dark for 1 h with a Li-COR secondary antibody
(IRDye 800), washed three times in PBST in the dark and protein
bands were visualized using a Li-COR Odyssey detector (Mandel
Scientific). The NIH Image J software was used to quantify band
intensities relative to β-actin loading controls.

Mitochondrial protein extraction

Retinal tissue was rinsed with ice-cold sucrose buffer containing
250 m sucrose, 20 m 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid, 1 m EGTA, and 1 m EDTA adjusted to pH 7.4
with potassium hydroxide. Cell extracts were obtained in ice-
cold sucrose buffer supplemented with 1 m dithiothreitol,
100 μ PMSF, 1 μg/ml chymostatin, 1 μg/ml leupeptin, 1 μg/ml
antiparin and 1 μg/ml pepstatin A. Tissue lysates were homoge-
nized by sonication and centrifuged (4°C) at 500g for 12 min to
pellet the cell nuclei and cell debris. The supernatant (total frac-
tion) was further centrifuged at 12 000g for 20 min. The resulting
pellet (mitochondrial fraction) was resuspended in supplemen-
ted sucrose buffer and the samples were stored at −80°C until
use. For immunoblotting 30 μg of mitochondrial proteins were
used.

Intravitreal injections

Heterozygous pigmented P23H-1 ratswere anesthetizedwith iso-
flurane, eyeswere anesthetizedwith proparacaine hydrochloride
(Alcon) and pupils were dilated with 1% tropicamide (Bausch and
Lomb). Body temperature was maintained at 37°C by using a
heating pad. Intravitreal injection was performed with a 31-
gauge needle attached to a 10 μl Gastight Syringe (Hamilton).
The tip of the needle was inserted 1.5 mm behind the corneal
limbus, at an angle of 45° and caution was taken to avoid dam-
aging the lens. The following procedure was carried out under a

dual-headed ophthalmic surgical microscope (Zeiss). A 5 μl dose
of P2RX7 inhibitor BBG (Santa Cruz Biotechnology) at the concen-
tration of 300 n dissolved in PBSwas administered into one eye,
and PBS vehiclewas administered into the contralateral eye serv-
ing as the control. After 1-week post-injection ratswere sacrificed
and retinal tissue was collected.

LDH assay

Vitreous samples (10 μl) were surgically extracted from WT and
P23H rats, and extracellular LDH activity (a marker for necrosis)
was analyzed using an LDH Cytotoxicity Assay Kit (Pierce)
according to the manufacturer’s recommendations.

Semi-quantitative RT-PCR

Total RNA was extracted from tissues using Aurum™ Total RNA
MiniKit (Bio-Rad Laboratories) according to themanufacturer’s re-
commendations. cDNA was amplified using QuantiTect Reverse
Transcription Kit (Qiagen) and relative gene expression of Hmgb1
(Rn02377062_g1), Il-1α (Rn00566700_m1), Il-1β (Rn00580432_m1),
Il-18 (Rn01422083_m1) andGapdh (Rn01775763_g1)were quantified
using a ViiA 7 Real-Time PCR system (Applied Biosystems). All re-
actions were performed using 5 ng of cDNA and the TaqMan Uni-
versal Master Mix (2X). FAM-labeled TaqMan gene expression
assays were used for Hmgb1, Il-1α, Il-1β and Il-18 whereas a VIC-
labeled TaqMan assay was used for endogenous control Gapdh.
Thermocycling parameters were as follows: 2 min at 50°C, 20 s at
95°C, 40 cycles of 1 s at 95°C, plus 20 s at 60°C. Real-time PCR
data were analyzed by the comparative CT method. Each reaction
was undertaken on three independent occasions, and for each of
these, individual samples were subdivided into three aliquots for
measurement.

Electroretinography

Response of the retina to light flashes were recorded using an
Espion E2 system with a Colordome mini-Ganzfeld stimulator
(Diagnosys LLC). Dark-adapted responses were recorded at P21,
P45, P90 and P120 by averaging 15 responses at a stimulus inten-
sity of 3.16 cd s/m2. Light-adapted cone responses were carried
out in 30 cd/m2 background light.

Enzyme-linked immunosorbent assay

The amount of carbonyl adducts of proteins in neuroretinal ex-
tracts was determined using the OxiSelect Protein Carbonyl en-
zyme-linked immunosorbent assay (ELISA) kit (Cell Biolabs,
Inc.), according to manufacturer’s instructions. ELISA was also
used to quantify cytokines in the neuroretinal supernatants
from the various experimental groups using the rat IL-1β kit
(Abcam) according to themanufacturer’s instructions. All ELISAs
were conducted a minimum of three times in triplicate.

Statistics

Analyses were performed with GraphPad Prism 5.0. For param-
eter comparisons between groups, an unpaired two-tailed Stu-
dent’s t-test. P-values of <0.05 were considered significant.
Multiple group comparison was performed by one-way or two-
way ANOVA followed by Tukey–Kramer adjustments. Differences
were considered significant at P < 0.05. Results are reported as
mean ± SEM.

Supplementary Material
Supplementary Material is available at HMG online.
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