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Abstract
Retinitis pigmentosa (RP) is a group of inherited neurological disorders characterized by rod photoreceptor cell death, followed
by secondary cone cell death leading to progressive blindness. Currently, there are no viable treatment options for RP. Due to
incomplete knowledge of the molecular signaling pathways associated with RP pathogenesis, designing therapeutic strategies
remains a challenge. In particular, preventing secondary cone photoreceptor cell loss is a key goal in designing potential
therapies. In this study, we identified the main drivers of rod cell death and secondary cone loss in the transgenic S334ter
rhodopsin rat model, tested the efficacy of specific cell death inhibitors on retinal function, and compared the effect of combining
drugs to target multiple pathways in the S334ter and P23H rhodopsin rat models. The primary driver of early rod cell death in the
S334ter model was a caspase-dependent process, whereas cone cell death occurred though RIP3-dependent necroptosis. In
comparison, rod cell death in the P23H model was via necroptotic signaling, whereas cone cell loss occurred through
inflammasome activation. Combination therapy of four drugs worked better than the individual drugs in the P23H model but
not in the S334ter model. These differences imply that treatment modalities need to be tailored for each genotype. Taken together,
our data demonstrate that rationally designed genotype-specific drug combinations will be an important requisite to effectively
target primary rod cell loss and more importantly secondary cone survival.
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Introduction

Genetic retinal diseases are among the most common causes
of blindness in the western world. Examples of genetic retinal
disease include conditions such as retinitis pigmentosa (RP)
and Stargardt’s disease. RP has proven to be a genetically
heterogeneous form of blindness [1] affecting approximately
1 in 4000 people. Mutations in more than 80 genes have been
identified (RetNet; http://sph.uth.tmc.edu/Ret-Net/), with 20
genes associated with the autosomal dominant form of
retinitis pigmentosa (adRP). Despite the abundance of
available genetic data, there are still no treatments or cures
for RP. In 30 to 40% cases of adRP, mutations in the
rhodopsin gene are the causative defect [2, 3]. Although

mutant rhodopsin ultimately leads to rod photoreceptor cell
death, the underlying mechanisms are still incompletely
understood. Furthermore, as the rods begin to die, cell death
in normal cone photoreceptor cells is initiated, eventually
leading to registrable blindness. Since humans rely heavily
on their cone-mediated daylight vision, developing a treat-
ment that targets the mechanisms of secondary cone cell death
[4] would be a major therapeutic breakthrough, leading to a
significant improvement in quality of life in RP patients.

A number of different theories have been proposed to ex-
plain secondary cone cell death in rod-mediated RP including
nitric oxide release during glia cell activation [5], oxidative
stress [6], activation of the insulin/mTOR pathway [7], and a
reduction of rod-derived cone viability factor [8]. We recently
demonstrated that activation of the inflammasome is also a
cause of cone cell death in the P23H model of retinal degen-
eration [9]. These studies imply that one or more late cell
death pathways are upregulated in RP and that which partic-
ular pathways are upregulated is genotype-specific. Therefore,
precise targeting of these specific pathways would be required
to support cone survival.
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Considerable work has been done on developing single-
modality (monotherapy) approaches to inhibiting retinal de-
generation. The most striking successes to date include anti-
VEGF treatment for subretinal neovascularization in AMD
[10] and gene therapy for Leber’s congenital amaurosis [11].
In contrast, ciliary-derived neurotrophic factor in RP showed
no long-term benefits [12]. No intervention has completely
halted or significantly reversed vision loss, probably because
they target only one of several alternative pathways that, with
time, can be bypassed leading to delayed but continual retinal
damage [13]. This problem highlights the potential of combi-
nation therapy which, by simultaneously targeting multiple
pathological pathways, can be designed to overcome different
biochemical abnormalities and can be made applicable to
many disease phenotypes (genetic or environmental). Such
combination therapy is already an essential approach in dis-
eases such as cancer [14], HIV infection [15], hypertension
[16], and diabetes [17], where combination regimens have
been shown to be invaluable for their synergistic effective-
ness, particularly when monotherapy has produced an inade-
quate response. In the eye, combination therapy is already a
major pillar in the management of refractile glaucoma [18]
and uveitis [19].

Building on previous studies in animal models and efficacy
data from clinical trials, we therefore hypothesize that a cone
protective therapy for RP would need to be tailored to the
genotype-specific pathological pathways that are activated
and most likely in precise combinations. Based on this hy-
pothesis, we compared the effect of a combination of cell
death inhibitors in two specific rhodopsin mutants (P23H ver-
sus S334ter) that have different underlying pathophysiology.
The P23H rat model has a defect in the N-terminal domain of
rhodopsin that affects protein folding in the endoplasmic re-
ticulum [20, 21] leading to a relatively slow progression of
disease [22] and has been observed in 12% of adRP cases
[23]. The S334ter rat model has a defect in the C-terminal
region of rhodopsin, which causes a trafficking defect in rho-
dopsin sorting [24] and a more severe clinical phenotype [25].
We compared the mechanisms of cell death in each model,
with the main aim of testing a combinatorial-based approach
to protect against photoreceptor degeneration.

Methods

Animals and Drug Administration

Homozygous P23H-line 1 (P23H-1) and S334ter-line 4
(S334ter-4) rhodopsin transgenic rats with similar rates of retinal
degeneration were obtained from Professor Matt LaVail,
University of California at San Francisco, CA, USA.
Pigmented heterozygous P23H-line 1 (P23H) and S334ter-line
4 (S334ter) rats were generated by crossing the original strains to

wild-type pigmented Long Evans rats. This was to mimic the
autosomal dominant phenotype in humans with a pigmented
background and to avoid phototoxicity [26]. All rats were main-
tained on a 12-h light/dark cycle and were fed and watered ad
libitum. Experiments were carried out in accordance with proto-
cols compliant with the Canadian Council on Animal Care and
with the approval of the local Animal Care Committee at the
University of British Columbia. Both female and male rats were
used for these studies. Daily subcutaneous injection of various
cell death inhibitors alone or in combination was started at post-
natal day 21 (P21) and continued until P120: RIP1 inhibitor
(necrostatin-1s), 15 mg/kg (Biovision Inc., Milpitas, CA,
USA); poly [ADP-ribose] polymerase (PARP) inhibitor (3-
aminobenzamide), 25 mg/kg (Sigma-Aldrich, Oakville, ON,
Canada); calpain inhibitor (calpeptin), 250 μg/kg (Sigma-
Aldrich, Oakville, ON, Canada); and anti-oxidant and inflamma-
tory inhibitor (N-acetylcysteine), 150 mg/kg (Sigma-Aldrich,
Oakville, ON, Canada). For controls, rats received daily sham
treatments injections of phosphate-buffered saline (PBS).

Antibodies and Lectins

Antibodies used in this study are listed as product number,
dilution factor, and application (western blot, WB; immunohis-
tochemistry, IHC). The following primary antibodies were ob-
tained from Sigma-Aldrich (Oakville, ON, Canada): β-actin
(A5441, 1:3000, WB), RIPK1 (RIP1) (SAB3500420, 1:500,
WB), and RIPK3 (PRS2283, 1:1000, WB); from Abgent (San
Diego, CA, USA): RIPK3 (RIP3) (AP7184a, 1:100, IHC);
from Cell Signalling (Beverly, MA, USA): cleaved caspase-3
(9661s, 1:1000, WB, 1:200 IHC); from Abcam (Toronto, ON,
Canada): IL-1β (ab9722, 1:500, WB), Cd11b (ab8879, 1:200,
IHC), and rhodopsin 1D4 (ab5417, 1:500, IHC); from
Millipore-Sigma (Etobicoke, ON, Canada): rod arrestin
(MAB 5580, 1:300, IHC), M&L opsin (AB5405, 1:300,
IHC), and phosphatidylserine clone 1H6 (05–719, 1:100 IHC;
1:500 WB); from Wako (Richmond, VA, USA): Iba1 (019-
19741, 1:300, IHC). The following secondary antibodies were
used in this study: from Fisher Scientific (Ottawa, ON,
Canada): Alexa Fluor® 594 goat anti-mouse IgG (A-11005,
1:200, IHC), Alexa Fluor® 488 goat anti-mouse IgG (A-
11001, 1:200, IHC), Alexa Fluor® 488 goat anti-rabbit IgG
(A-11008, 1:200, IHC), and Alexa Fluor® 594 goat anti-
rabbit IgG (A-11012, 1:200, IHC); from Rockland (Limerick,
PA, USA): rabbit antibody IR Dye800 conjugated (611-132-
003, 1:15,000, WB) and mouse IgG (H&L) antibody
DyLight™ 680 conjugated (610-144-002, 1:15,000, WB).
Lectins: FITC-peanut agglutinin (PNA) (Sigma-Aldrich,
L7381, 1:50, IHC) was used to identify cone photoreceptors.
Wheat germ agglutinin (WGA) (Oregon Green 488 conjugate,
Invitrogen, W7024, 1:300, IHC) was used to detect rod photo-
receptor outer segments.
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Histological Assays

After euthanization by CO2 and cervical dislocation, the eyes
were enucleated and prepared for histology at different post-
natal ages (P21–P120) as previously described [27]. In brief,
eyes were marked at the 12-o’clock position by leaving a
piece of white conjunctival muscle for orientation. The eyes
were then immersed in half-strength Karnovsky fixative for
1 h, the anterior segment removed at the ora serrata, the pos-
terior eyecups were embedded in paraffin, and then 5-μm
sections (including the optic nerve) were counterstained with
hematoxylin and eosin. To account for regional variation of
disease progression four 200-μm-long retina images were se-
lected from superior hemisphere peripheral retina (in front of
the equator), superior hemisphere central retina (behind the
equator), inferior hemisphere peripheral retina, and inferior
hemisphere central retina. The two peripheral images were
selected approximately two optic disc diameters from the cil-
iary margin and the two central images the same distance from
the edge of the optic nerve head. The sample size was six eyes.

For immunocytochemistry, eyes were fixed with 4% para-
formaldehyde (PFA) for 2 h at room temperature (RT) follow-
ed by cryoprotection in 30% sucrose overnight, snap frozen,
and then embedded in PolyFreeze medium (Polysciences,
Warrington, PA, USA). Sagittal cryosections that were ~
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 three washes in PBS-Tween
20 (PBST), sections were incubated for 1 h with secondary
antibody diluted in PBS, containing 2% normal goat serum.
Nuclei were counterstained with DAPI Fluoromount-G®
(SouthernBiotech, Birmingham, AL, USA).

For retinal flatmounts to count cone cells, the anterior seg-
ment of the eye was removed after fixation with 4% PFA and
then the neuroretina was dissected off the RPE/choroid in one
sheet. Neuroretinal tissue was blocked with 3% non-fat dried
milk and 0.3%Triton X-100 in PBS for 1 h and then incubated
with FITC-conjugated PNA overnight at 4 °C. Samples were
washed with PBST three times and the tissue transferred to a
microscope slide. Small cuts were made at four opposing
points of the tissue so that it could be flattened and then they
were mounted using Fluoromount-G®. Immunofluorescent
images were acquired using a Zeiss 510 laser scanning confo-
cal microscope, and the cell counts were averaged in six eyes
from four areas in the superior, inferior, temporal, and nasal
retina, approximately 0.5 mm from the center of the optic
nerve using ImageJ software.

The TUNEL procedure and quantification of TUNEL-
positive cells were performed on retinal cryosections to detect
levels of cell death using an ApopTag® Fluorescein In Situ
Apoptosis Detection Kit (Millipore-Sigma, Etobicoke, ON,
Canada) according to the manufacturer’s instructions.

Double staining with microglial marker Iba1 and TUNEL
assay was performed as previously described [28].

To examine poly(ADP-ribose) polymerase enzyme activi-
ty, an in situ assay was performed as previously described
[28]. Briefly, treated and sham-treated retinal cryosections
were pre-blocked with an avidin/biotin blocking solution
(Vector Laboratories, Burlingame, USA) for 30 min and then
incubated for 2 h at 37 °C in a reaction mixture of 100 mM
Tris buffer/0.2% Triton X-100 (pH 8.0) that contained 10 mM
MgCl2, 1 mMDTT, and 5 μMbiotinylated NAD + (Trevigen,
Gaithersburg, USA). After 3 × 5 min washes in PBS, the in-
corporated biotinylated NAD+ was detected by Alexa Fluor
488-conjugated avidin (1:800, 1 h at RT). Images are present-
ed with pseudo-red color as previously reported because the
retina has green autofluorescence that impairs image quality.

Western Blots

Fresh neurosensory retinas were dissected and snap frozen in
liquid nitrogen and then homogenized by sonication in protein
lysis buffer (10 mM Tris base, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 0.5% NP-40) and sup-
plemented with protease/phosphatase inhibitor cocktail (Cell
Signalling, Beverly, MA, USA). Total protein concentration
was determined using the DC protein assay (Bio-Rad,
Hercules, CA, USA). Protein samples (40 μg) were mixed with
sample buffer, boiled for 10 min, separated by SDS-
polyacrylamide gel electrophoresis, and then transferred to
Immobilon-FL membrane (Millipore Sigma, Etobicoke, ON,
Canada). Membranes were blocked in 5% non-fat milk powder
in PBS/0.1% Tween-20 (PBST) for 1 h at RT and incubated
overnight at 4 °C with appropriate primary antibody in the
blocking buffer. Following three washes in PBST, the mem-
branes were incubated in the dark for 1 h at RTwith appropriate
fluorescent secondary antibody (IRDye 800 or IRDye 680). The
membranes were then washed three times in PBST in the dark
and protein bands were visualized using a Li-COR Odyssey
detector (Mandel Scientific, Guelph, ON, Canada). ImageJ soft-
ware was used to analyze band intensities relative to loading
control (β-actin). Western blots were repeated three times using
tissues from independent animals.

RNA Extraction, RT-PCR, and Semi-Quantitative
Real-Time PCR

Briefly, total RNAwas isolated from neurosensory retinas using
Aurum™ Total RNAMini Kit (Bio-Rad Laboratories; Hercules,
CA) according to the manufacturer’s instructions and RNAwas
quantified by NanoDrop spectrometry (ThermoScientific,
Wilmington, DE, USA). Starting with 200 ng of total RNA,
reverse transcription was performed using the QuantiTect
Reverse Transcription Kit (Qiagen, Toronto, ON, Canada) and
relative gene expression of Hmgb1 (Rn02377062_g1), Il-1α
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(Rn00566700_m1), and Gapdh (Rn01775763_g1) was quanti-
fied using the TaqMan primer and labelled probe protocol with a
ViiA 7 Real-Time PCR system (Applied Biosystems,
Burlington, ON, Canada) as previously reported [9]. Real-time
PCR data were analyzed by the comparative CT method [29].
Each reaction was undertaken on three occasions, and for each of
these, individual samples were subdivided into three aliquots for
measurement.

Electroretinography

Rats were dark-adapted overnight prior to electroretinogram
(ERG) analysis, then general anesthesia was induced with intra-
peritoneal ketamine plus xylazine and rats then placed on a
heating pad to maintain a constant body temperature at 37 °C
during the entire test. The cornea was anesthetized with topical
0.5% proparacaine hydrochloride (Bausch and Lomb, Rochester,
NY) and the pupils were dilated with 2.5% phenylephrine and
1% atropine. A drop of 2% hydroxypropyl methylcellulose was
placed on each cornea to maintain corneal hydration. ERG re-
sponses of the retina to light flashes were recorded using an
Espion E2 system with a Colordome mini-Ganzfeld stimulator
(Diagnosys LLC, Lowell, MA, USA) at P21, P45, P90, and
P120 by averaging 15 responses at a stimulus intensity of
3.16 cd s/m2. Light-adapted cone responses were carried out in
30 cd/m2 background light at a 30-Hz flicker frequency. The
sample size was ten for all cohorts for the monotherapy and
combination therapeutic experiments.

Statistical Analysis

For assessment of outer nuclear layer (ONL) thickness, an
unpaired two-tailed Student’s t test was used for comparisons
between treated and untreated groups. P values less than 0.05
were considered significant. For the analysis of TUNEL-
positive cells, semi-quantitative RT-PCR and western blot,
one-way analysis of variance followed by post hoc Tukey’s
test was used. For ERG analyses, multiple group comparison
was performed by one-way or two-way ANOVA followed by
Tukey-Kramer adjustments. Differences were considered sig-
nificant at P < 0.05. Results are reported as mean ± SEM. All
statistics were performed in either the GraphPad Prism 5.0 or
online statistic tools (ANOVA).

Results

Activation of Cell Death Pathways in S334ter
Compared to P23H Models

To compare the spatiotemporal activation of photoreceptor
cell death pathways in the two models with similar rates of
retinal degeneration on a pigmented background,

immunostaining of retinal sections was carried out for a num-
ber of cell death markers. Differential staining was observed
with caspase-3 (cCASP-3, detecting caspase-dependent apo-
ptosis [30]) and receptor interacting kinase 3 (RIP3, detecting
necroptosis [31]) at early stages of retinal degeneration. At
P21, many caspase-3-positive photoreceptor cells were appar-
ent in the ONL of the S334ter retina compared to P23H
(Fig. 1a–c). At both P45 and P120, caspase-positive cells were
observed in the S334ter ONL (Fig. 1e, n) compared to very
few in the P23H retina (Fig. 1f, o). However, there were
caspase-positive cells in the inner nuclear layer (INL) of the
P23H retina at P120 (Fig. 1o). Co-localization of RIP3 stain-
ing and 1D4 (a rhodopsin marker labelling wild-type rod pho-
toreceptors) was detected at all three time points in the P23H
retina (Fig. 1i–r), but we saw no RIP3 staining in S334ter
retina at P21 or P45 (Fig. 1h, k). At P120, there was RIP3
signal in the S334ter retina (Fig. 1q); however, this was found
to co-localize with peanut agglutinin, a marker for cone pho-
toreceptors (Fig. 1s). These spatiotemporal differences were
quantified by western blot analysis (Fig. 2a–c). In S334ter
whole retinal extracts at P21 and P45, there was abundant
expression of cCASP-3 that was absent in the P23H retina
(Fig. 2a, b), mirroring the immunohistochemistry data. At
P120, cCASP-3 was detected in retinal extracts from both
models. In P23H retinal extracts, RIP3 expression increased
over background levels in wild-type rats at P21, P45, and
P120. In the S334ter retinal extracts, there was no expression
of RIP3 at P21, whereas at P45 and P120, RIP3 was increased.
These results suggest that rod photoreceptor degeneration in
the S334ter model is initially mediated via caspase-dependent
apoptosis, whereas cone cell death occurs through
necroptosis. Conversely, rod photoreceptors in the P23H reti-
na die via RIP3-dependent necroptosis, whereas cones in this
model die by inflammasome activation as we previously re-
ported [9].

The expression of PARP was tested as it is a marker of
caspase-independent apoptosis [28] and expression of RIP1
was also assessed as it is required for both caspase-
dependent and caspase-independent cell death mechanisms
[31]. Using an in situ assay to measure PARP activity directly,
we found very little PARP activity in wild-type retinal sec-
tions, whereas in the S334ter retina, high levels of PARP ac-
tivity were present in the ONL and INL at all time points
tested (Fig. 2d). In the P23H retina, there was relatively less
PARP activity compared to the S334ter retina. When S334ter
rats were treated with 3AB (an inhibitor of PARP), the levels
of PARP activity at P45 and P120 were greatly reduced.
Western blot demonstrated the ubiquitous expression of
RIP1 in wild-type retina and in both models at all time points
(Fig. 3a). Previously we demonstrated that a variety of inflam-
matory molecules were released by stress and by dying pho-
toreceptors in the P23Hmodel including IL-1α and IL-1β [9].
In the S334ter model, inflammatory cytokines appeared to be
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less important. For example, although the IL-1β precursor
was expressed as would be expected in both models, the ma-
ture form of IL-1βwas more than twofold higher in the P23H
retina compared to the S334ter retina. (Fig. 3b, d).
Quantitative RT-PCR revealed a fourfold change in transcript
levels of IL-1α in P23H retina compared to S334ter at P120
(Fig. 3c). These data demonstrate that more than one cell death
pathway is activated in each model, and the pathways are
different in each model.

Comparison of Microglial Infiltration in S334ter
and P23H Models

Recent evidence suggests that in some disease states non-cell
autonomous inflammatory mechanisms exacerbate neuronal
degeneration [32]. For example, in the rd10 (Pde6b) mouse

model of retinal disease, microglia infiltrate the ONL not only
to clear dead photoreceptors but can also kill live photorecep-
tors directly [33]. This phenomenon occurs because dead or
stressed photoreceptor cells express phosphatidylserine (PS)
on their surface making them phagocytic targets for microglia
[32]. Therefore, we assessed the distribution of retinal microg-
lia in both retinal degeneration models. Surprisingly, many
more infiltrating microglia labelled with Iba1 antibody were
present in the ONL of S334ter retina compared to P23H retina
at P120 (Fig. 4a), and this difference was maintained during
the time course of photoreceptor degeneration (Fig. 4b).
Double-labelling of retinal sections at P120 with Iba1 and
rod photoreceptor-specific arrestin revealed active engulfment
of dying rods by microglia in the S334ter retina but not in
P23H retina (Fig. 4c). Conversely, labelling of activated mi-
croglia with Cd11b and ML cone opsin at P120 demonstrated

Fig. 1 Differential cell death pathway activation in P23H and S334ter
photoreceptor degeneration. a–f Labelling of cCASP3-positive (red)
photoreceptor nuclei in the outer nuclear layer (ONL) of retinal sections
at P21 and P45. OS, outer segments; IS, inner segments; INL, inner
nuclear layer. Scale bar = 25 μm. g–l RIP3 (red) co-localizes with wild-
type rhodopsin (green) in P23H retina but not in S334ter retina at P21 and
P45. Scale bar = 10 μm. Inset: higher magnification of co-localization.

m–o Labelling of cCASP3-positive (red) photoreceptor nuclei in the
ONL of retinal sections at P120. Scale bar = 10 μm. p–r RIP3 (red) co-
localizes with rhodopsin (green) in P23H retina but not in S334ter retina
at P120. Scale bar = 10 μm. s RIP3 co-localizes with peanut agglutinin
(green), a marker for cone photoreceptors in S334ter retina at P120. Scale
bar = 10 μm. Inset: higher magnification of co-localization. All retinal
sections counterstained with DAPI
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active engulfment of cones in the P23H retina but not S334ter
retina (Fig. 4c). Immunohistochemistry revealed expression of
phosphorylated PS in photoreceptor somata in both P23H and
S334ter retinas (Fig. 4d) similar to that reported in the rd10
mouse [33] and was confirmed by western blotting (Fig. 4e),
suggesting that microglial phagocytosis actively contributed
to the demise of live photoreceptors.

Mono-Therapeutic Approaches to Protect
S334ter-Mediated Photoreceptor Degeneration

The specific cell death pathways that we found to be activated
in the S334ter model were targeted by potent cell death inhib-
itors including calpeptin (an inhibitor of calpain involved in
caspase-independent cell death); 3-aminobenzamide (3AB, a
PARP inhibitor); necrostatin-1s (Nec-1s, a RIP1 inhibitor),
and N-acetylcysteine (NAC, an anti-oxidant/anti-inflammato-
ry drug). Efficacy of the inhibitors was tested by histology and
effect on visual function via electroretinography (ERG) at the
following time points: P21, P45, P90, and P120. In the sham-
treated S334ter rats at P120, histology from central retinal
locations revealed that two to three rows of photoreceptor
nuclei remained in the ONL (wild-type rats have 10–12 rows),

whereas treatment with four to five rows of nuclei (Fig. 5a).
Photoreceptor outer segments were absent in the sham-treated
retinas, whereas treatment with 3AB resulted in clear preser-
vation of outer segments. This corresponded to reduced PARP
activity when S334ter rats were treated with 3AB (Fig. 2d). A
more rigorous comparison was made to compare the number
of photoreceptor nuclei in the ONL at four standardized re-
gions the retina (see BMethods^) and the mean of photorecep-
tor counts was plotted for each inhibitor (Fig. 5b). Compared
to sham-treated rats, only treatment with 3AB resulted in sig-
nificant preservation of photoreceptors at P120 (P < 0.0001,
n = 6).

Retinal function was assessed by scotopic and 30 Hz flick-
er ERG responses (Fig. 5c). Rod photoreceptor function mea-
sured by the scotopic b-wave amplitude response at P21 in
sham-treated rats was already reduced by ~ 25% from wild-
type levels (475μV versus normal maximum scotopic b-wave
amplitude of ~ 625 μV) and was followed by a gradual decline
over time to ~ 225 μVat P120 (Fig. 5d). At P120, the b-wave
amplitudes were between 50 and 100 μV higher with NAC,
calpeptin, and 3AB compared to sham-treated controls.
Statistical differences between multiple group were assessed
by two-way ANOVA on the five S334ter groups (n = 10). This

Fig. 2 Retinal expression of cell death markers in P23H and S334ter rats.
a Representative western blot showing temporal expression of cCASP-3
and RIP3 from whole retinal extracts. Protein loading control, β-actin.
Blots are representative of three independent experiments. bQuantitation
of cCASP3 expression relative to β-actin. c Quantitation of RIP3

expression relative to β-actin. d Spatiotemporal localization of in situ
PARP enzyme activity (red) in retinal cryosections. S334ter animals
were treated with 3AB, an inhibitor of PARP activity. White scale bar =
10 μm. Red bars indicate the limits of the ONL. There is no image of
S334ter at P21 with treatment as this is when treatment begins
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showed significant effects of time (P = 0.0001) and treatment
(P = 0.01). Post hoc (Tukey) comparisons between treatment
groups showed significant effects of calpeptin versus sham (P
< 0.001), 3AB versus sham (P < 0.001), and NAC versus
sham (P < 0.001).

The secondary effect of the rod photoreceptor-specific
S334ter mutation on cone cell viability was assessed by his-
tology and electrophysiology. Whole-mount immunofluores-
cence for cone-specific PNA demonstrated that treatment with
either Nec-1s (P < 0.003) or NAC (P < 0.05) supported signif-
icantly more cone survival compared to sham-treated eyes
(n = 10) (Fig. 6a, b). Cone function in vivo was measured by
the 30-Hz flicker component from the electroretinography
testing (Fig. 5c). Both Nec-1s and NAC showed consistently
a significantly higher 30 Hz flicker amplitude compared to the
other drug treatments over time (Fig. 6c). Statistical differ-
ences were assessed using two-way ANOVA and showed sig-
nificant effects of time (P = 0.0001) and treatment (P =
0.0001). Post hoc (Tukey) comparisons between treatment
groups showed significant effects of Nec-1s versus sham (P
< 0.001) and NAC versus sham (P < 0.001). Relative to the
wild-type 30-Hz amplitudes denoting the maximal response
(100%), the untreated amplitudes were approximately 63% of
wild-type, whereas Nec-1s was 74% and NAC 77% of wild-

type, representing an 11 and 14% preservation of the cone
response, respectively.

Efficacy of Combined Drug Treatment on P23H
and S334ter Retinal Degeneration

Since a number of different cell death pathways were activated
in each of the rat models, we reasoned that a combination of
drugs may improve the protective effect we had observed with
monotherapies. All animals were treated daily with a combi-
nation of cell death inhibitors (Calpeptin+3AB+Nec-1s+
NAC) by subcutaneous injection from P21 to P120.
Histological examination at P120 revealed that combination
therapy in P23H animals resulted in a thicker ONL and well-
formed outer segments compared to sham-treated retina
(Fig. 7a). However, combination therapy in the S334ter rats
had a more modest effect on the retina. These qualitative ob-
servations were confirmed by counting photoreceptor nuclei
in the ONL at four specific coordinates in the retina (Fig. 7b),
demonstrating a significant benefit to the P23H retina in all
four regions (P < 0.001, n = 6). In addition, the length of the
rod photoreceptor OS was measured after immunohistochem-
ical staining of retinal cryosections with wheat germ aggluti-
nin which labels rod photoreceptor OS (Fig. 7c). In the sham-

Fig. 3 Comparative inflammatory marker expression in S334ter and
P23H retina. a Western blot showing temporal expression of RIP1 from
whole retinal extracts. Protein loading control, β-Actin. Blots are
representative of three independent experiments. b Western blot
showing expression of mature IL-1β and its precursor in whole retinal

extracts at P120. Protein loading control, β-Actin. Blots are
representative of three independent experiments. c Quantitative RT-PCR
analysis of IL-1α expression from total RNA retinal extracts at P120.
Data plotted as mean fold change in expression ± SEM (n = 3). d
Quantitation of IL-1β relative to β-actin from western blot in b
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treated retina, the OS length in P23H was 5.5 ± 2 μm and in
S334ter 3.5 ± 3 μm, whereas after combination therapy, the
OS length was significantly larger in P23H (20 ± 4 μm, P <
0.001) and in S334ter retina (10 ± 3 μm,P < 0.05) (Fig. 7c). In
comparison, the OS length of wild-type photoreceptors was
39 ± 2 μm.

The 30-Hz flicker amplitudes measuring the cone re-
sponses of the retina (Fig. 8a, b) revealed a significant protec-
tive effect when P23H animals were treated with combination
therapy (19 ± 2 μV) compared to sham-treated controls (12 ±
3 μV) at P120 (P < 0.05, n = 10). In comparison to maximal
wild-type amplitudes (100%) at P120, the 30-Hz amplitudes

in sham-treated P23H retinas were only 42% of wild-type,
whereas treated P23H retinas had amplitudes that were 67%
of wild-type, representing a 25% preservation of cone re-
sponse. However, combination therapy in the S334ter did pre-
vent not significantly protect against the reduction in cone
function (P > 0.20, n = 10). Whole-mount PNA staining
showed an increase in the density of cones in both P23H-
and S334ter-treated retinas compared to sham-treated con-
trols, although this did not reach statistical significance in
the S334ter retinas because there were more cones present in
the sham-treated retinas (Fig. 8c, d). This may reflect the 5–
10-μV higher 30 Hz amplitudes in the sham-treated S334ter

Fig. 4 Microglial infiltration in degenerating P23H and S334ter retina. a
Retinal sections from wild-type (WT), P23H, and S334ter at P120
labelled with Iba1 antibody (red) detecting activated microglia. Scale
bar = 10 μm. b Number of microglia per millimeter in the ONL of the
retina relative to the time course of degeneration. c Upper panels: co-
localization of microglial marker Iba1 (red) and the rod photoreceptor-
specific marker arrestin (green). Inset: higher magnification of engulfed
rod photoreceptor in S334ter retina. Lower panels: co-localization of

microglial marker Cd11b (red) and the cone photoreceptor-specific
marker ML opsin (green). Inset: higher magnification of engulfed cone
photoreceptor in P23H retina. Scale bar = 10 μm. d Localization of
phosphatidylserine (PS) in red to photoreceptors in the ONL of mutant
retina compared to WT at P120. Scale bar = 10 μm. e Western blot
showing expression of PS in P23H and S334ter mutant retina from
whole retinal extracts compared to WT. Protein loading control, β-
actin. Blots are representative of three independent experiments
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retinas from P45 to P120 compared to P23H as there were
more cones present contributing to the response (Fig. 8a).

Discussion

Through histological, biochemical, and functional studies, the
cell death pathways in the S334ter model of retinal degenera-
tion were compared to previously reported data for P23H
model, and the effects of inhibiting these pathways alone or
in combination were assessed. In the S334ter model, caspase-
dependent cell death was a primary driver for early rod pho-
toreceptor cell death concurring with previous reports [34,
35], whereas cone cell death occurred through RIP3-
dependent necroptosis. Conversely, we previously reported
that necroptotic-mediated signalling was the main driver of

rod cell death in the P23H model, whereas activation of the
NLRP3 inflammasome was the mechanism for secondary
cone cell death [9]. The activation of different photoreceptor
cell-specific death mechanisms is echoed in other animal
models such as the rd10 mouse (Pde6b mutation) where rods
die through a caspase-independent apoptotic mechanism,
whereas secondary cone cell death occurs via necroptosis
[35, 36]. In another model (Irbp−/− mouse), apoptotic cell
death occurred early in rods, whereas necroptosis was the
main driver of progressive rod and cone degeneration [37].
Furthermore, in the pde6c− /− zebrafish model of
achromatopsia, primary cell death in cones occurs via
necroptosis with secondary rod cell death occurring through
a caspase-dependent mechanism [38]. Because each model
has activation of different cell death mechanisms, this implies
that treatment modalities usingmore than one drugmight need

Fig. 5 Efficacy of monotherapies on retinal degeneration in the S334ter
rat retina. aHematoxylin & eosin (H&E) stained sagittal sections through
central retina at P120 in S334ter rats that were treated with 3AB, Calp,
Nec-1s, and NAC compared to sham-treated controls. ONL,
photoreceptor outer nuclear layer; INL, inner nuclear layer; GCL,
ganglion cell layer. Arrows pointing to photoreceptor outer segments
(OS). White scale bar = 50 μm. b Average photoreceptor nuclei counts
for each treatment in four standardized retinal regions: SP, superior

peripheral; SC, superior central; IC, inferior central; IP, inferior
peripheral. Data presented as mean ± SEM (n = 6). Student’s t test, *P
< 0.001. c Representative scotopic and 30-Hz flicker ERG waveforms at
P120 for each drug treatment. d Temporal comparison of b-wave
amplitudes from ERG data for each drug treatment. Data plotted as
mean ± SEM (n = 10). Two-way ANOVA revealed significant effects
for calpeptin (*P < 0.001), 3AB (*P < 0.001), and NAC (*P < 0.001)
compared to sham-treated rats
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to be tailored for each genotype (Table 1). This may explain
why only a modest level of neuroprotection has been observed
in animal models and in patients enrolled in clinical trials with
use of a single drug [11, 13, 44–46].

Based on the results we obtained for the effect of individual
drug inhibitors on preservation of vision, we reasoned that a
combination of drugs might have a synergistic effect. When
assessing the same outcome efficacy parameters, it was sur-
prising that the combination therapy was consistently equiva-
lent or had a better effect than the best individual drug alone in
P23H model, whereas in the S334ter model, the combined
therapy was the same or worse than the best individual drug
alone (Table 2). For example, the ERG b-wave amplitudes in
P23H with single drugs ranged from 50 to 80 μV better than
untreated, whereas combination therapy produced a 100-μV
increase in amplitude. Conversely, in the S334ter model, sin-
gle drugs ranged from a 50- to 100-μV increase in amplitude,

whereas combination therapy resulted in only a 35-μV in-
crease in amplitude. Similarly, the change in cone density
followed the same pattern of efficacy: combination therapy
resulted in lower cone survival than individual drugs in the
S334ter model but higher cone survival than individual drugs
in the P23H model. These comparisons reveal that combining
drugs does not necessarily improve the outcome over mono-
therapy but can make it worse than just using a single drug.
This might occur due to the mechanism of action of the mu-
tation (in P23H, mis-folding; in S334ter, mis-localization).
For instance, it could be that in the P23H retina that if a drug
could simply improve folding then the protein could be traf-
ficked correctly to the outer segment where it would function
correctly. This might be more easily overcome than in the
S334ter retina where the protein is in the wrong place.
Another explanation for worse efficacy with combination
drugs in the S334ter retina might be because inhibiting one

Fig. 6 Effect of monodrug therapy on cone photoreceptor survival. a
PNA-labelling of cones in retinal flatmounts at P120 that were treated
with Calp, 3AB, Nec-1s, and NAC compared to sham-treated and wild-
type samples. Representative images taken from central dorsal and
ventral retina. White bar = 500 μm. b Quantification of PNA-labelled
cones determined from flatmounts from four retinal areas. Data

presented as mean ± SEM (n = 10). Asterisk: statistical significance was
determined using Student’s t test. c Comparison of 30 Hz flicker
amplitudes with the different drug treatments compared to sham-treated
and wild-type control responses. Statistical significance was determined
by two-way ANOVA comparing each treatment with sham-treated rats.
*P < 0.001 (n = 10)
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mechanism might limit the efficacy of inhibiting another, be-
cause compensatory or parallel pathways might be activated.
For example, inhibiting caspase-dependent apoptosis with an
inhibitor of caspase-8 leads to activation of the alternative
necroptotic pathway thereby increasing cell death [47] and
inhibition of caspase-8 can also cause an inflammatory re-
sponse [48]. This raises the issue of whether it is better to treat
rhodopsin-RP patients with a more generalized combination
therapy (which would have the potential for multiple genotype
applications) or if specific combinations may be required.

The combination therapy data in the P23H model confirms
that limiting both the inflammasome-driven response in cones
and necroptotic signaling in rods represents a rationale thera-
peutic design for this specific genotype. As P23H is the
commonest mutation found in North America in patients with
dominant RP [23], then a therapeutic strategy to prevent both
rod, but more importantly cone cell loss, could be relevant to
many patients. One question that arises however in these types
of studies is how relevant are the animal models to the human
disorders when designing treatment strategies? Both P23H

Fig. 7 Effect of combination therapy on retinal degeneration. a
Representative H&E stained sagittal sections through central retina at
P120 in P23H and S334ter rats that were treated with combination
therapy compared to sham-treated controls. Wild-type section (WT)
showing normal retinal lamination. ONL, photoreceptor outer nuclear
layer; INL, inner nuclear layer; GCL. Arrows pointing to photoreceptor
outer segments. Scale bar = 50 μm. b Average photoreceptor nuclei
counts for each combination (Comb) treatment versus sham injection in

four standardized retinal regions: SP, superior peripheral; SC, superior
central; IC, inferior central; IP, inferior peripheral. Data presented as
mean ± SEM (n = 6). Student’s t test, *P < 0.001. c Comparison of the
immunochemical localization of WGA (green) in the retina of treated,
untreated and wild-type rats at P120. Scale bar = 10 μm. The histogram
compares the OS length. Data presented as mean ± SEM (n = 10).
Student’s t test, *P < 0.005; **P < 0.001
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and S334ter lines were generated by inserting the relevant
mutant mouse whole rhodopsin genomic transgene onto the
wild-type rat background. The P23H-line 1 model has nine
copies of the transgene; however, transcriptional silencing is
thought to occur because mutant P23H only represents 43% of
all rhodopsin transcripts present [49]. This is what is predicted
in the human condition where equivalent amounts of wild-
type and mutant rhodopsin would be expressed. In the P23H
mouse knock-in model that recapitulates the heterozygous hu-
man mutation [50], inhibiting the inflammasome also
prevented cone cell loss [9]. This provides evidence that the
therapeutic results obtained in the P23H transgenic model
regarding cone survival are conserved across species and
models and therefore likely to be relevant to therapeutic

outcomes in human patients. In the S334ter-line 4 model,
the transgenic rhodopsin is present at about 10% of the level
of the endogenous rhodopsin and causes mis-sorting of the
mutant truncated rhodopsin to the rod photoreceptor [24].
This pathophysiology is corroborated in other models where
there is a similar C-terminal rhodopsin truncation abnormality
[51, 52] and in a Q344ter knock-in mutation recapitulating a
known human mutation on a heterozygous wild-type rhodop-
sin background [53, 54]. This suggests that the therapies tested
in S334ter rat model could be directly relevant to future testing
in human RP.

The role of microglia in retinal degeneration is somewhat
controversial and is dependent on genotype and phenotype.
The initiation of photoreceptor cell death leading to the

Fig. 8 Effect of combination therapy on cone photoreceptor survival in
P23H and S334ter rats. a Thirty-Hertz flicker amplitudes in P23H (red
lines), S334ter (green lines), and wild-type eyes (black line) that were
either treated or untreated. At P90 and P120, P23H rats treated with
combination therapy had significantly larger amplitudes, determined by
two-way ANOVA. Red (asterisk), P < 0.001 (n = 10). b Representative

scotopic and 30 Hz flicker ERG waveforms at P120 with either
combination or sham treatment. c PNA-labelling of cones (green) in
retinal whole-mounts at P120 that were treated with combination
therapy or sham injections. Scale bar = 50 μm. d Quantification of
PNA-labelled cones determined from whole mounts in c. Data
presented as mean ± SEM (n = 10). Student’s t test (asterisk), P < 0.05
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activation and migration of microglia to phagocytose dying
photoreceptors and thereby eliminates damaging cellular de-
bris could be considered as a pro-survival mechanism [33,

55–57]. However, independent of this activity, there are sev-
eral reports demonstrating photoreceptor rescue in inherited
retinal degeneration by inhibition of microglial cell activity

Table 1 Photoreceptor-specific cell death mechanisms in different animal models

Model Main driver of rod cell death Main driver of cone cell death Example of drug combinations

Rho S334ter rat Caspase 3-dependent [this paper, 34–35] Necroptosis (RIP1/3) [this paper] zVAD-fmk for rods
Nec-1s for cones

Rho P23H rat Necroptosis (RIP1/3) [9] NLRP3 inflammasome [9] Nec-1s for rods
N-acetylcysteine for cones

Rho P23H mouse Necroptosis (RIP1/3) [9] NLRP3 inflammasome [9] Nec-1s for rods
N-acetylcysteine for cones

Pde6b (Rd10) mouse Caspase-independent [35] Necroptosis (RIP1/3) [36] Calpain inhibitor for rods
Nec-1s for cones

Irbp KO mouse Necroptosis (RIP1/3) and caspase-3 apoptosis [37] (rod/cones not differentiated) Nec-1s and zVAD-fmk for both
rods and cones

pde6c KO zebrafish Caspase 3-dependent [38] Necroptosis (RIP1/3) [38] zVAD-fmk for rods
Nec-1s for cones

Mertk (RCS) rat Caspase-independent release of AIF [39] and caspase-3 activation in photoreceptors
[40] (rod/cones not differentiated)

Calpain to inhibit AIF and
Y-27632 to inhibit ROCK/caspase-3

Pde6b (Rd1) mouse Caspase-independent release of AIF [41] Caspase-3 apoptosis [42, 43] Calpain to inhibit AIF in rods
and TUDCA in cones

References in square brackets. Possible drug combinations for each genotype targeting the main drivers of cell death

Table 2 Compilation of cell
death and treatment data from this
paper and from previous work in
these models at P120 (9)

Assessment parameter S334ter P23H

Specific cell death marker
activation

Caspase-3

PARP

RIP1

RIP3/RIP1

NLRP3

IL-1α/IL-1β

Monotherapy:

Δ microglia

NAC>Nec-1s/3AB/Calp

(28 → 13 microglia/mm, 54% ↓)

NAC/Nec-1s>3AB/Calp

(10 → 2.5 microglia/mm, 75% ↓)

Combination:

Δ microglia

Similar decrease in microglia

(28 → 12 microglia/mm, 57% ↓)

Similar decrease in microglia

(10 → 3 microglia/mm, 70% ↓)

Monotherapy:

Δ histology

3AB>Calp/Nec-1s/NAC

(19 → 25 μm ONL thickness)

Calp/Nec-1s/NAC>3AB

(15 → 25 μm ONL thickness)

Combination:

Δ histology

Similar increase in thickness

(19 → 23 μm ONL thickness)

Same increase in thickness

(15 → 25 μm ONL thickness)

Monotherapy:

Δ ERG b-wave

3AB/Calp/NAC>Nec-1

(50–100 μV higher amplitudes)

Calp/Nec-1s/NAC>3AB

(50–80 μV increase in b-wave)

Combination:

Δ ERG b-wave

Smaller increase in b-wave

(35 μV higher amplitudes)

Greater increase in b-wave

(100 μV higher amplitudes)

Monotherapy:

Δ cone density

NAC/Nec-1s>Calp/3AB

(8→ 15 × 103/mm2 = 1.87-fold
inc.)

NAC/Nec-1s>3AB/Calp

(4→10 × 103/mm2 = 2.50-fold
inc.)

Combination:

Δ cone density

Smaller change in density of cones

(8→ 13 × 103/mm2 = 1.63-fold
inc.)

greater change in density of cones

(4→13 × 103/mm2 = 3.25-fold
inc.)

Monotherapy:

Δ 30 Hz flicker

NAC/Nec-1s>Calp/3AB

(11–14% higher amplitude)

Nec-1s/NAC>3AB/Calp

(25% higher amplitudes)

Combination:

Δ 30 Hz flicker

Smaller change in amplitude

7% higher amplitudes

Same change in amplitude

(25% higher than untreated)

Drugs in bold type gave significant changes in response shown in parentheses
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itself [58, 59]. Furthermore, other studies suggest that photo-
receptor cell death occurs independently of microglia function
[60, 61]. In the S334ter model, we observed many infiltrating
microglia that actively engulfed dying rod photoreceptors,
whereas in the P23H model, the cones were actively phago-
cytosed. We previously found that NAC treatment was very
effective in inhibiting the activation of microglia in the P23H
model (75% decrease in the number of microglia) which cor-
related with cone survival and improved visual outcome [9].
In the S334ter model, we saw a 54% decrease in the number of
microglia from NAC treatment. It would be undesirable to
completely block microglia function because of the homeo-
static properties that are beneficial to the retina. However,
targeting over-reactive microglia would reduce the production
of pro-inflammatory factors. Several microglial inhibitor
drugs have been tested in retinal degenerations with positive
benefit including minocycline [58, 62, 63], docosahexaenoic
acid [64, 65], and curcumin [65, 66]. Since both
docosahexaenoic acid and curcumin were effective in the
P23H model, this suggests that combination therapy for this
mutation could also include a microglial inhibitor.

In conclusion, the results from this study demonstrate that
more than one cellular mechanism is activated in genotype-
specific retinal degeneration models. We propose that combi-
nation therapy would be the way to modulate the progression
of degenerative and/or inflammatory diseases of the retina and
that the specific drugs to use will depend on determining the
active pathways for each genotype.
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