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Introduction
In industrialized countries, a major cause of blindness is the pro-
gressive death and dysfunction of photoreceptors (1), most com-
monly due to age-related macular degeneration (AMD) and inher-
ited retinal degenerations (IRDs). IRDs represent a broad spectrum 
of disorders that are characterized by the progressive loss of pho-
toreceptor cells, eventually leading to visual impairment or blind-
ness. The most common IRD subtype is retinitis pigmentosa (RP), 
which involves mutation-dependent progressive loss of rod pho-
toreceptors. RP is almost always monogenetic in origin and can 
exist in syndromic and nonsyndromic forms, with more than 65 
disease-causing genes (2) and nearly 3100 mutations within these 
genes having been identified (3). Ultimately the mutations result 
in the disruption of some aspect of the normal structure, function, 
or metabolism of photoreceptors or the retinal pigment epitheli-
um (RPE). Regardless of the specific gene mutated, the outcome is 
the progressive death of rod photoreceptors, followed by second-
ary loss of cones; this irreversible and progressive photoreceptor 
loss is the major determinant of permanent functional deficits, 
with reduction in thickness of the photoreceptor-containing outer 
nuclear layer (ONL) correlating closely with the decline in visual 

function (4). Despite the genetic heterogeneity associated with 
IRDs, common downstream pathways may ultimately promote 
photoreceptor death (5). Thus, identifying a druggable convergent 
pro-death trigger in photoreceptors would help generate a thera-
peutic approach relevant to numerous types of IRD.

Tightly regulated photoreceptor cyclic nucleotide levels 
are key for normal photoreceptor functioning, and the dysreg-
ulation of cyclic nucleotide signaling has garnered interest as 
a common pathophysiological feature characterizing degener-
ating photoreceptors (6, 7). Moreover, cyclic nucleotide signal-
ing influences pathways that promote context-dependent cell 
survival or death (8). cGMP levels in photoreceptors vary due 
to their central role in phototransduction; upon light stimula-
tion, there is a phosphodiesterase-mediated (PDE-mediated) 
decrease in intracellular cGMP levels leading to hyperpolar-
ization of the cell. cAMP levels in photoreceptors also vary in 
a dynamic fashion, with light-induced suppression during day-
time and elevated cAMP at night, as regulated by a feedback 
loop involving dopamine, cAMP, and melatonin (9). cAMP in 
turn plays roles in photoreceptor phenomena including light 
adaptation (9–11), outer segment membrane renewal, and disc 
shedding (12). Elevated levels of retinal cGMP (13) or cAMP (14–
16) have been observed in various animal IRD models and have 
been posited as a common contributor to photoreceptor death 
(8, 17). The mechanisms by which cyclic nucleotides promote 
photoreceptor death are unclear, though they may involve PKA- 
or PKG-mediated alterations in protein expression (18).
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targeting neogenin represents a druggable approach to prevent pho-
toreceptor death and loss of vision in retinal degenerative diseases.

Results
cAMP induces neogenin-mediated photoreceptor death. In order to 
test the hypothesis that cAMP or cGMP may affect neogenin lev-
els, we first used a human retinoblastoma cell line (Y79). These 
cells were chosen because they express photoreceptor genes such 
as rhodopsin and rod cGMP PDE6 (23); however, they are limited 
by the fact that they derive from retinoblastoma and do not nec-
essarily behave like photoreceptors. We cultured these cells in the 
presence or absence of a cell-permeable cGMP analog (0.5 mM 
8Br-cGMP) or a cell-permeable cAMP analog (0.5 mM 8Br-cAMP) 
for 48 hours. 8Br-cAMP, but not 8Br-cGMP, resulted in an approx-
imately 3-fold increase in neogenin protein levels (Figure 1, A and 
B). A similar induction of neogenin expression was observed in 
dissociated cultures of murine rod photoreceptors when treated 
with 1 mM 8Br-cAMP for 24 hours (Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI125898DS1).

cAMP regulates the expression of transmembrane proteins 
(19); therefore, we wondered whether it may also influence expres-
sion of the cell surface receptor neogenin, which is a key player in 
multiple cellular events occurring in both the injured CNS and in 
eye diseases (20). Neogenin is a “dependence receptor” in neu-
rons, which means that when bound to its ligand RGMa, it main-
tains cell survival, whereas the unbound state promotes cell death 
(21). Neogenin acts as a major trigger of cell death in several mod-
els of retinal pathology (22); thus, we asked whether it also influ-
ences photoreceptor survival.

Here, we demonstrate that cAMP promotes photoreceptor death 
through a neogenin-dependent mechanism. We show elevated 
neogenin protein levels in multiple animal models of RP, as well as 
retinas from donors with retinal degeneration. Overexpressing neo-
genin in mouse photoreceptors was sufficient to promote cell death, 
whereas silencing neogenin promoted survival in degenerating pho-
toreceptors. Peptide neutralization of neogenin in animal models of 
RP in turn rescued light-evoked retinal ganglion cell (RGC) respons-
es, preserved scotopic and photopic electroretinogram responses, 
and improved visual acuity. These results support the notion that 

Figure 1. cAMP induces neogenin 

expression in the retina. (A and 
B) Retinoblastoma (Y79) cells 
were cultured with or without 0.5 
mM 8-Br-cAMP (cAMP) or 0.5 mM 
8-Br-cGMP (cGMP) for 48 hours. 
(A) Western blot of neogenin from 
Y79 whole cell lysates following the 
indicated treatment. Ctrl, Control. 
(B) Quantification of data from A, 
normalized to GAPDH (n = 3 for each; 
*P < 0.05, **P < 0.01). Significance 
determined by 1-way ANOVA followed 
by Šidák’s multiple-comparisons test. 
(C–E) P9 C57BL/6J (WT) mice received 
1 intravitreal injection of either 10 
mM 8Br-cAMP or PBS. Eyes were har-
vested on P12 and cryosectioned. (C) 
Representative images of P12 retina 
treated with PBS or 10 mM 8Br-cAMP 
and stained for neogenin (red), 
rhodopsin (green), and nuclei (DAPI; 
blue). Arrows indicate inner/outer 
segments of photoreceptors. IPL, 
inner plexiform layer. Scale bars: 20 
μm. (D) Higher-magnification images 
of P12 retina treated with PBS or 
8Br-cAMP stained for neogenin (red), 
with the dashed lines indicating the 
border of the inner/outer segments 
(IS/OS). Note the characteristic punc-
tate appearance of neogenin staining. 
Scale bar: 20 μm. (E) Quantification 
of data from D. Neogenin signal in 
the IS/OS was significantly elevated 
following 8Br-cAMP intravitreal 
injection (n = 4 for each; *P < 0.05). 
Significance determined by Student’s 
t test.
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glia, but not bipolar cells, within the inner nuclear layer (INL) 
(Supplemental Figure 2). In situ hybridization experiments 
confirmed markedly increased neogenin mRNA levels where 
present in photoreceptor segments in 8Br-cAMP–treated retinas 
(Figure 2, B and C).

As previously described (17), we also observed an increase in 
TUNEL-positive photoreceptors following intravitreal injection 
of 8Br-cAMP in WT mice (Figure 2, D and E), indicating that ele-
vated cAMP is sufficient to promote photoreceptor cell death. 
TUNEL-positive cells could also be observed in the INL follow-
ing 8Br-cAMP administration (Figure 2D), possibly relating to 
the increased neogenin observed in Müller glia (Supplemental 

We then studied neogenin-protein levels in WT (C57BL/6J) 
mice following intravitreal injection of 10 mM 8Br-cAMP. Anal-
ysis was done using immunohistochemistry to allow for more 
accurate observation of expression changes within different 
retinal layers and cell types (24). cAMP injection resulted in a 
significant increase in retinal neogenin protein signal 72 hours 
later, seen predominantly in the inner and outer segments of 
the photoreceptors (Figure 1, C–E), as well as an increase in a 
subset of photoreceptor cell soma (Figure 2A). This contrasted 
with control-treated WT retinas, which displayed little neogenin 
staining in photoreceptors. In 8Br-cAMP–treated eyes, a moder-
ate increase in neogenin levels could also be observed in Müller 

Figure 2. cAMP promotes photoreceptor cell death through neogenin. (A) P9 C57BL/6J (WT) mice received an intravitreal injection of 10 mM 8Br-cAMP, 
and eyes were harvested on P12. Intravitreal injection of 8Br-cAMP led to accumulation of neogenin in the soma of some photoreceptors (arrow), possibly 
related to initiation of cell death. Note: Gain settings were increased for this image. Scale bar: 20 μm. (B and C) P9 C57BL/6J (WT) mice received an intra 
vitreal injection of 10 mM 8Br-cAMP, and eyes were harvested on P11. In situ hybridization was performed to assess neogenin mRNA levels. (C) Quantifica-
tion of data from B. 8Br-cAMP led to a significant increase in neogenin mRNA levels in the IS/OS. n = 12 for each; ****P < 0.0001. Significance determined 
using Student’s t test. (D and E) P9 WT mice received an intravitreal injection of PBS, 10 mM 8Br-cAMP, or 10 mM 8Br-cAMP + 1 μg/μL 4Ig (a neogenin 
function–blocking peptide). Eyes were harvested on P12 and cryosectioned, and TUNEL staining was performed. (D) Representative TUNEL (red) images 
along with a nuclear stain (DAPI; blue) for each treatment group. Scale bars: 20 μm. (E) Quantification of data from D. 8Br-cAMP (n = 6) led to a significant 
increase in the number of TUNEL-positive cells in the ONL compared with PBS treatment (n = 4, **P < 0.01), which was prevented by coadministration of 
4Ig (n = 4; *P < 0.05 compared with 8Br-cAMP). Significance determined using 1-way ANOVA followed by Šidák’s multiple-comparisons test.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/4
https://www.jci.org/articles/view/125898#sd
https://www.jci.org/articles/view/125898#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

2 0 5 7jci.org   Volume 130   Number 4   April 2020

ing cleaved caspase-3, an effect that was completely blocked 
through addition of 4Ig (Supplemental Figure 1, B and C).

Photoreceptor neogenin levels are elevated in murine and human 

retinas with IRD. Next, we investigated whether neogenin may be 
relevant for photoreceptor cell death in animal models of IRD. The 
Rd1 mouse, which is the most extensively studied model of RP (26), 
harbors a nonsense mutation in the gene coding for the β subunit of 
rod cGMP PDE6 (27), rendering rod PDE nonfunctional. The Rd1 
retinal phenotype is characterized by the onset of rod cell death by 
P9, followed by rapid degeneration peaking shortly after eye open-

Figure 2). Previously we developed a peptide termed 4Ig that 
prevents neogenin translocation into lipid rafts, thereby block-
ing its pro-death activity (22, 25). Coinjection of 8Br-cAMP 
with 4Ig led to a significant reduction in TUNEL-positive pho-
toreceptor cells, suggesting that neogenin is a major effector of 
cAMP-induced photoreceptor cell death (Figure 2E). Therefore, 
in order to confirm a direct role for cAMP on photoreceptors, we 
prepared dissociated cultures of murine rod photoreceptors and 
demonstrated that treatment with 1 mM 8Br-cAMP for 72 hours 
resulted in an increased percentage of photoreceptors express-

Figure 3. Elevated neogenin expression in Rd1 and Rd10 photoreceptors. (A) Representative images of cryosectioned C57BL/6J (WT) retina, and Rd1 or 
Rd10 retina immunostained for neogenin (red) on P12, P16, or P30. Dashed lines indicate border of the IS/OS. Scale bars: 30 μm. All images were taken under 
identical conditions/settings. (B) Quantification of data from A. Neogenin intensity levels were significantly increased in the IS/OS of P12/P16 Rd1 and P30 
Rd10 when compared with WT mice of the same age. P12: n = 4 and n = 5; P16 n = 4 and n = 5; P30 n = 6 and n = 4. **P < 0.01, ***P < 0.001. Significance 
determined by Student’s t test. (C) Representative image of a P12 Rd1 ONL demonstrating coexpression of neogenin (green) and cleaved caspase-3 (red) in 
the same cell (white arrows). Nuclear stain appears in blue (DAPI). Scale bar: 20 μm. (D–F) PKA inhibitor KT5720 suppresses neogenin expression in Rd1 ret-
inal photoreceptor segments. P12 Rd1 mice received an intravitreal injection of either 4 mM KT5720 or PBS and were harvested on P13 for analysis. (D) Real-
time PCR of intron 1, intron 2, and the last exon of neogenin from the indicated treatments (n = 3; *P < 0.05). Significance determined by Student’s t test. 
(E) Nuclear (DAPI, blue) and neogenin (green) staining of retinal sections from the indicated treatments. Scale bar: 50 μm. White arrows indicate neogenin in 
IS/OS. OPL, outer plexiform layer. (F) Quantification of data from E. Significance determined by Student’s t test (n = 4 for each; *P < 0.05).
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with 8Br-cAMP, here there may also have been a link between ele-
vated soma neogenin and terminal photoreceptor death.

The photoreceptor-specific increase in neogenin persisted at 
later stages of degeneration (Figure 3, A and B), and on P16, when 
cone photoreceptors start dying, increased neogenin expression 
could also be observed in the inner/outer segments of these cells 
(Figure 4B). Thus, elevated neogenin was not specific to cells 
expressing abnormal rod PDE but rather may have been a more 
generalized response of photoreceptors that were undergoing 
stress. Indeed, elevated neogenin in the ONL and inner/outer seg-
ments could also be seen in a mouse model of IRD that is inde-
pendent of a PDE6 mutation, namely rhodopsin P23H–knockin 
(RhoP23H/P23H) mice (ref. 30 and Supplemental Figure 3B).

ing between ages P12 and P14 (28). Secondary cone loss begins 
shortly after the initial peak of rod apoptosis (~P15), and the majority 
of cones in the ONL are gone by P30 (29). Rd1 retina displayed ele-
vated neogenin levels in the inner/outer segments of photorecep-
tors on P12 compared with age-matched WT retina, which was simi-
lar to the effect of 8Br-cAMP injection into WT eyes (Figure 3, A and 
B). Distinct neogenin expression was also observed in the cell soma 
of a subset of P12 Rd1 rod photoreceptors in the ONL (Supplemen-
tal Figure 3A), a phenomenon also observed in WT retina treated 
with 8Br-cAMP (Figure 2A) but not in WT control retina. In limited 
instances, cells with this soma expression pattern also stained pos-
itive for markers of cell death (Figure 3C), suggesting that, similar 
to what was observed in dissociated murine photoreceptors treated 

Figure 4. Neogenin induction in degenerating Rd1 rods, Rd1 cones, and human photoreceptors. (A) Representative immunostained cryosections of P12 
C57BL/6J mouse retina or Rd1 mouse retina stained for neogenin (red), rhodopsin (green), and nuclei (DAPI; blue). In C57BL/6J retina, neogenin expression 
is largely restricted to the outer limiting membrane, with rhodopsin localized predominantly in the outer segments. In Rd1 mice, rhodopsin is misex-
pressed in the cell bodies of rods and is coexpressed in the same cells with neogenin (arrow). Scale bar: 20 μm. (B) Representative images of P16 C57BL/6J 
retina and P16 Rd1 retina. At this stage, cone degeneration has commenced in Rd1 mice, and the increased neogenin (green) expression in photoreceptors 
is also observed in cells staining positive for a marker of cones (Cone Arrestin; red). Arrows indicate examples of colabeling. Dashed lines indicate the bor-
ders of the ONL. Note the reduction in the size of the ONL at this age in Rd1 mice due to the majority of rods being gone. Scale bar: 20 μm. (C) Represen-
tative immunostained cryosections of retinas of a postmortem 54-year-old human donor not diagnosed with RP (Adult with no RP), a 63-year-old adult 
diagnosed with RP (Adult with RP #1), a 64-year-old adult donor diagnosed with RP (Adult with RP #2), and a 66-year-old adult donor diagnosed with RP 
(Adult with RP #3). Sections were stained for neogenin (red), rhodopsin (green), and nuclei (DAPI; blue). Note the presence of neogenin in the IS/OS in the 
diseased retinas. Arrow indicates expression of neogenin and misexpressed rhodopsin in the same cell. Scale bars: 20 μm.
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Rd10 mice, like Rd1, also have a mutation in the rod-specific β 
subunit of PDE6, but here it is a missense mutation that does not 
completely disable PDE6, leading to more gradual degeneration 
starting on P18–P20 and peaking sometime after P25 (31). A sig-
nificant increase in neogenin signal in the inner/outer segments 
of photoreceptors could be observed on P30 (Figure 3, A and B), 
when photoreceptor degeneration is well underway (32), similar to 
our findings in the Rd1 model.

The pattern of this neogenin increase contrasts with photo-
receptor cGMP levels in Rd1 mice, which rise abnormally during 
early stages of the disease (P6–P12), before dropping dramatically 
prior to the initiation of cell death (33). Instead, the neogenin tem-
poral pattern bears more similarity to cAMP in Rd1 retina, where-
in abnormally elevated adenylyl cyclase activity occurs by P7 (16) 
and abnormally high cAMP is seen by P9 and persists over time 
(16). As mentioned, in WT mice 8Br-cAMP administration led to 

a 2-fold increase in neogenin mRNA levels in photoreceptor seg-
ments (Figure 2C), along with elevated protein expression (Figure 
1E) and increased photoreceptor cell death (Figure 2E). We there-
fore sought to investigate whether the cAMP/PKA pathway also 
regulates neogenin in the degenerating retina. Here we performed 
intravitreal injection in Rd1 mice of the PKA inhibitor KT5720 (4 
mM) on P12 and observed significantly reduced neogenin levels in 
photoreceptor inner/outer segments 24 hours following injection 
(Figure 3, E and F). Examination of mRNA levels with real-time 
PCR further demonstrate that PKA inhibition reduced neogenin 
mRNA in the Rd1 retina (Figure 3D). These changes were detected 
with exonic but not intronic primers, implicating altered mRNA 
stability rather than transcription.

In support of the generalizability of elevated neogenin in 
degenerating photoreceptors, we also observed elevated neogen-
in in photoreceptor inner/outer segments in human postmortem 

Figure 5. Neogenin is sufficient and required to induce photoreceptor cell death. (A) Temporal retinas of P0 C57BL/6J (WT) mice were electroporated with 
a full-length neogenin plasmid (pCDNA3-hNeogenin + GFP) or with a control plasmid (pEGFP). Eyes were harvested 2 days later, and TUNEL staining (red) 
was performed. GFP (green) indicates electroporated cells. Scale bar: 20 μm. (B) Quantification of data from A. The number of TUNEL-positive cells per 
200-μm length of electroporated retina was measured from 3 sections per eye and averaged. n = 5 for each; **P < 0.01. Significance determined by Stu-
dent’s t test. (C) Temporal retinas of P0 Rd1 mice were electroporated with either scrambled shRNA or shRNA against neogenin, and mice were sacrificed 
on P21. GFP indicates electroporated cells. DAPI (blue) is a nuclear stain. Dashed lines indicate border of ONL. Scale bar: 20 μm. (D) Quantification of data 
from C. When compared with either control (scrambled shRNA) electroporated or the non-electroporated side (nasal retina), 2 separate neogenin shRNAs 
led to a significant increase in thickness of the ONL. n = 5 for each. **P < 0.01, ***P < 0.001, ****P < 0.0001 compared with control shRNA; †††P < 0.001, 
††††P < 0.0001 compared with nasal retina. Significance determined by 1-way ANOVA followed by Šidák’s multiple-comparisons test.
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retina samples from 4 adults diagnosed with RP and 1 infant diag-
nosed with infantile Batten disease, a rare genetic disorder that can 
be considered a form of syndromic IRD (ref. 34, Figure 4C, and 
Supplemental Figure 4). Interestingly, in some of the human IRD 

samples, we also observed elevated neogenin in the soma of photo-
receptor cells that also displayed a high level of somatic rhodopsin 
(Figure 4C, Adult with RP #1), similar to what was seen in Rd1 mice 
(Figure 4A). This elevated neogenin in degenerating retinas con-

Figure 6. Blocking neogenin promotes photoreceptor survival. (A) Timing of rod death in the mouse models used. Arrows indicate timing of the initial 
treatment. Arrowheads indicate tissue harvest. (B–D) Representative DAPI images taken 400 μm from the optic nerve head (ONH). Scale bar: 20 μm. 
Dashed lines indicate ONL borders. (B) Rd1 retina injected with 4Ig (1 μg/μL) or PBS on P9 and P15 and harvested on P21. (C) Rd10 retina injected with 4Ig 
(1 μg/μL) or PBS on P20, P30, and P40 and harvested on P50. (D) RhoP23H/P23H retina injected with 4Ig (1 μg/μL) or PBS on P10 and harvested on P24. (E–G) 
Quantification of data from B and C. ONL size was measured in the nasal and temporal retina at 400 μm from the ONH and averaged. n = 8 and n = 6 for 
Rd1; n = 10 and n = 11 for Rd10; n = 8 and n = 6 for RhoP23H/P23H. **P < 0.01, ***P < 0.001. Statistical significance determined by Student’s t test. (H) Rd1 reti-
na treated with PBS or 4Ig (1 μg/μL) as above and harvested on P30. Representative images stained for rods (Rhodopsin), cones (Cone Arrestin) and DAPI. 
Dashed lines indicate ONL borders. Scale bar: 10 μm. (I) Quantification of data from H demonstrating that 4Ig increased cone numbers. Measurements 
were made in nasal and temporal quadrants of the central retina and averaged. n = 7 for each; ****P < 0.0001. Significance determined by Student’s t test. 
(J and K) Rd1 retina injected on P9 and P15 with PBS, CNTF (0.8 μg/μL), 4Ig (0.5 μg/μL), or CNTF (0.8 μg/μL) + 4Ig (0.5 μg/μL) and harvested on P21. (J) 
Representative DAPI images of P21 Rd1 retina. Scale bar: 20 μm. Dashed lines indicate ONL borders. (K) Quantification of data from J. 4Ig (n = 8), CNTF  
(n = 7), and CNTF + 4Ig (n = 8) significantly increased the ONL thickness versus PBS (n = 8; ***P < 0.001). CNTF + 4Ig significantly increased thickness 
versus 4Ig or CNTF (†††P < 0.001). Significance determined by 1-way ANOVA followed by Bonferroni’s test.
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with most of the targeted cells generated from the newborn pro-
genitors being rod photoreceptors (37). Two days after electro-
poration, retinas were collected, and TUNEL staining was per-
formed. Although electroporation of a control plasmid in the eye 
generated few TUNEL-positive cells, electroporation of neogenin 
significantly increased cell death (Figure 5, A and B). When neo-
genin is unbound to its ligand, it can act as a dependence receptor 
by directly inducing cell death via proteolytic cleavage of its intra-
cellular domain in order to expose a caspase activation site (38). 
Electroporation of a noncleavable form of neogenin compared 
with the WT form resulted in significantly reduced death, suggest-

trasted with the nondiseased human retina, where neogenin pho-
toreceptor expression was very low, similar to what was seen both 
in WT adult rat (35) and the WT mouse retina (Figure 1C).

Neogenin mediates photoreceptor death in RP mice. Neogenin 
triggers cell death in a variety of neural cell types, in particular 
following injury (22, 36). To determine whether elevated neogen-
in is also sufficient to induce photoreceptor death, we performed 
targeted in vivo electroporation of a neogenin overexpression con-
struct in WT (C57BL/6J) P0–P1 mouse retina. Subretinal injection 
followed by electroporation of neonatal murine retina efficiently 
transduces dividing cells, leaving postmitotic cells unaffected, 

Figure 7. Improved feature detection in 

4Ig-treated Rd1 eyes. Rd1 mice were treated 
with 4Ig (1 μg/μL) on P8 and P13. Controls 
consisted of untreated age-matched Rd1 
mice. Light-evoked activity in RGCs was 
recorded extracellularly using a patch elec-
trode on P29–P35. (A) Spike rasters from 3 
ON (left) and 3 OFF (right) RGCs in 4Ig-treat-
ed Rd1 retina. Shaded region indicates the 
duration of the stimulus (200- to 400-μm 
spot). Black traces below the rasters show 
average spike rate estimated by Gaussian 
convolution (σ = 50 ms). (B) Spike record-
ings from 2 example RGCs in control Rd1 
retina illustrating the high spontaneous 
spike hyperactivity typically associated with 
photoreceptor degeneration. The bottom 
recording depicts the suppression of spiking 
at onset of light (arrow), indicating a weak 
residual photoreceptor response in untreated 
Rd1 animals. (C) A comparison of the relative 
population of the 3 cell types — ON and OFF, 
residual, and nonresponsive — in 4Ig-treated 
and control retina. (D) The center-surround 
organization of RGCs is preserved in the 
4Ig-treated retina. The light response of 
an example ON ganglion cell to increasing 
spot sizes is shown. (E) The average peak 
responses of 10 ON and OFF RGCs to increas-
ing spot sizes shown in D. The responses 
were significantly suppressed for spots larger 
than 400 μm (P < 0.001). (F) The response 
of an ON neuron to a 200-μm spot moving 
in 8 different directions (indicated by the 
arrows; velocity, 0.6 mm/s). (G) A polar plot 
of the responses shown in F. The responses 
of individual trials are shown in gray and the 
average in black. The direction selective index 
(DSI) is indicated by the solid radial line. DSI = 
0.62 ± 0.07; value of 1 indicates responses to 
motion in only 1 direction.
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A peptide treatment strategy promotes photoreceptor survival and 

function. Given that in vivo electroporation only targets a limited 
portion of the retina, we sought an alternative neogenin neutraliza-
tion approach that is both amenable for functional testing and also 
more therapeutically translatable for potential clinical use. One 
relevant method of retinal drug delivery is intravitreal injection of 
peptide-based compounds (39), which can penetrate deep layers of 
the retina (40). We therefore tested the neogenin-neutralizing 4Ig 
peptide, which we showed above to block cAMP-induced photore-
ceptor death (Figure 2, D and E, and Supplemental Figure 1, B and 
C). When Rd1 mice received an intravitreal injection of 4Ig (1 μg/
μL in PBS) or PBS (control) on P9 (coinciding with the commence-
ment of rod cell death), there was a significant reduction in the 
number of TUNEL-positive cells in the ONL on P14 (Supplemental 
Figure 6, A and B). When Rd1 mice were given 2 intravitreal injec-
tions of 4Ig, on P9 and P15, there was dramatic preservation of the 

ing that cleavage is important for neogenin’s pro-death effect in 
photoreceptors (Supplemental Figure 5, A and B).

We next investigated whether elevated neogenin levels in 
Rd1 retina are required for retinal degeneration. For this, 2 dif-
ferent prevalidated shRNAs against mouse neogenin were used 
to silence its expression in photoreceptors following in vivo 
electroporation on P0 in Rd1 mice. Animals were sacrificed on 
P21, when the majority of rod photoreceptors are gone and the 
ONL is reduced to 1–2 cell layers. Silencing of neogenin dra-
matically rescued the number of surviving photoreceptors com-
pared with control (scrambled shRNA) electroporated animals 
(Figure 5, C and D, and Supplemental Figure 5C). Together with 
the results of the overexpression experiments, this suggests 
that neogenin is both sufficient to promote photoreceptor death 
in WT photoreceptors and required for the rod photoreceptor 
cell death seen in Rd1 mice.

Figure 8. Improved visual function in 4Ig-treated Rd10 and RhoP23H/P23H mice. (A) Rd10 mice were treated with either PBS or 4Ig (1 μg/μL) on P20. Rep-
resentative images of P30 retinal flat mounts of WT (C57BL/6J), 4Ig-treated Rd10, or PBS-treated Rd10 mice stained with M opsin to label cone outer 
segments. Images are of the dorsal retina 600 μm from optic nerve head. Scale bars: 10 μm. (B) Quantification of data from A. 4Ig treatment led to a 
significant increase in the length of cone outer segments compared with PBS-treated Rd10 eyes (n = 4 for each; ***P < 0.001). Significance determined 
by 1-way ANOVA with Tukey’s multiple-comparisons test. (C) Representative electroretinogram (ERG) traces from P30 Rd10 mice treated on P20 with 
either PBS or 4Ig (1 μg/μL). Traces were taken under photopic conditions at 5 cd/s/m2. (D) Quantification of b wave amplitude of 4Ig- or PBS-treated Rd10 
mice under dark-adapted (scotopic) and light-adapted (photopic) conditions. Black arrow indicates beginning of flash intensities eliciting mixed rod/cone 
responses. 4Ig treatment significantly increased b wave amplitudes for rod-driven, mixed rod/cone-driven, and cone-driven responses (n = 7 for each; *P < 
0.05). Significance determined by 2-way ANOVA with Bonferroni’s correction for multiple comparisons. (E) Left: Visual acuity was significantly improved in 
Rd10 mice on P28 following 4Ig injection (1 μg/μL) on P20 when compared with PBS-treated Rd10 mice. Visual acuity assessed by measuring optokinetic 
tracking response thresholds using the OptoMotry system (n = 10 for each; ****P < 0.0001). Significance determined by 1-way ANOVA followed by Bonfer-
roni’s multiple-comparisons test. Right: Visual acuity was significantly improved in RhoP23H/P23H mice on P23 following 4Ig injection on P10 (n = 10; 1 μg/μL) 
when compared with PBS controls (n = 7; ***P < 0.001). Significance determined by Student’s t test.
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retinal whole mounts were prepared on P29–P35. Light-evoked 
spike activity was monitored extracellularly for individual neu-
rons using a patch electrode, and for simplicity, all spiking neurons 
were referred to as RGCs. We observed robust light-evoked spike 
activity in 4Ig-treated but not control Rd1 retina in response to a 
bright spot (200- to 400-μm diameter) centered over the RGC 
soma (Figure 7, A and B). In 4Ig-treated retinas, robust responses 
were observed in approximately 40% of the RGC neurons test-
ed (Figure 7C; average ON peak spike rate, 45 ± 8 Hz; OFF peak 
spike, 30 ± 5 Hz), which contrasts with control Rd1 retina, in which 
none (0%) of the spiking RGC neurons displayed robust light-
evoked responses (Figure 7, B and C). The light-evoked responses 
in 4Ig-treated retinas were completely eliminated when glutamate 
synaptic activity was blocked using AMPA/KA (10 μM cyanquixal-
ine [CNQX]) and NMDA antagonists, and an mGluR6 agonist (50 
μM DL-AP4; n = 9; data not shown), indicating that these respons-
es originated in the photoreceptors.

When 4Ig-treated retinas were probed with spot stimuli of 
increasing sizes, the typical center-surround organization (51, 
52) was left intact (Figure 7, D and E). Spiking responses in RGCs 
increased up to an optimal size of approximately 400 μm, indicat-
ing the extent of the excitatory center. Further increases in stim-
ulus size resulted in a reduction in activity due to the recruitment 
of the inhibitory surround. When we probed 2 ganglion cells with 
moving stimuli, we also found evidence for direction selectivity 
(DS); i.e., they responded to motion in certain “preferred” direc-
tions but not the opposite “null” directions (Figure 7, F and G). The 
remaining tested cells in the 4Ig-treated retinas were either nonre-
sponsive to light stimuli or exhibited a weak light response, which 
manifested as a decrease in spike activity at light onset. These 
very weak, nonrobust, inhibitory responses were also observed in 
a small fraction of control Rd1 retina (Figure 7B), indicating that 
they were likely mediated by residual photoreceptor activity.

Following eye opening, Rd1 mice quickly begin to display 
abnormal inner retina circuit behavior. This is characterized by 
spontaneous hyperactivity of the RGCs beginning at the com-
mencement of rod degeneration, greatly increasing between P15 
and P21, and plateauing by P28 (49). At intermediate stages of 
degeneration (P14–P15), light-evoked responses can be seen in 
some RGCs together with the abnormal spontaneous hyperac-
tive behavior. However, on P21 and P28 there are no robust light-
evoked ganglion cell responses (49), and abnormal hyperactivity 
is severe. These high levels of spontaneous background hyperac-
tivity were observed in all RGCs in the control Rd1 retina and also 
in light-insensitive cells in the 4Ig-treated retina (peak, 29 ± 3 Hz; 
n = 33). In contrast, light-sensitive ganglion cells in the 4Ig-treated 
retina exhibited very low spontaneous background activity (peak, 
6 ± 2 Hz; n = 22; P < 0.005 compared with hyperactive RGCs), 
indicating that the rescue strategy used here does not require 
additional methods to reduce spontaneous hyperactivity in order 
to enhance the visual signals that are relayed to the brain. Section-
ing of the 4Ig-treated Rd1 retina used here confirmed that photo-
receptor survival was promoted (Supplemental Figure 7).

To further validate the functional benefits of this peptide treat-
ment approach, we performed additional tests in Rd10 mice, which 
present with more gradual degeneration compared with Rd1 mice. 
In these mice, the morphology and length of cone outer segments 

number of surviving rod photoreceptors in the P21 retina (Figure 
6, B and E, and Supplemental Figure 6, D and H). To confirm that 
this treatment approach has applicability in non-PDE-dependent 
models of IRD, we used RhoP23H/P23H mice (41, 42). As described 
previously (30, 43), these mice experience rapid, severe rod degen-
eration shortly after eye opening, with the majority of rods gone 
by P24 (Figure 6A). As we had observed in Rd1 mice, intravitreal 
injection of 4Ig coinciding with the onset of retinal degeneration 
improved survival of ONL photoreceptors in RhoP23H/P23H mice (Fig-
ure 6, D and G, and Supplemental Figure 6, G and H).

To test whether the 4Ig peptide supports survival over longer 
periods, and whether this translates into a corresponding improve-
ment in the number of surviving cone photoreceptors, we treated 
Rd1 mice on P9 and P15 and then sacrificed them on P30. Here 
there was a significant increase in the number of surviving cones 
compared with controls (Figure 6, H and I), as well as mainte-
nance of rhodopsin staining. Increased cone survival may reflect 
the direct action of the 4Ig peptide on cones and/or the secondary 
consequence of increased rod survival. To extend analysis over 
even longer periods, we assessed photoreceptor survival in Rd10 
mice at advanced stages of degeneration. Intravitreal injections of 
4Ig or PBS were performed on P20, P30, and P40, and mice were 
sacrificed on P50. Here photoreceptor survival was also improved 
following peptide-mediated neogenin function blockage (Figure 
6, C and F, and Supplemental Figure 6, E, F, and H).

Ciliary neurotrophic factor (CNTF) is a polypeptide hormone 
that is a potent survival factor for neurons, and numerous studies 
have demonstrated CNTF’s prosurvival effect on photoreceptor 
cells (44, 45). However, in addition to exerting beneficial effects 
on survival, intravitreal bolus administration of CNTF can lead to 
numerous unwanted functional, cytologic, and biochemical reti-
nal alterations (44) that negatively impact visual functions (46). 
We therefore sought to determine how intravitreal injection of 
4Ig compares with intravitreal injection of CNTF. Rd1 mice were 
injected on P9 and P15 with PBS, 4Ig alone (0.5 μg/μL), rat CNTF 
alone (0.8 μg/μL), or rat CNTF (0.8 μg/μL) plus 4Ig (0.5 μg/μL) 
in the vitreous. Eyes were then harvested on P21. Animals treated 
with 4Ig alone or CNTF alone showed roughly similar significantly 
increased levels of photoreceptor rescue compared with controls 
(Figure 6, J and K). When the 2 treatments were combined, the 
ONL was thicker than with either treatment on its own, suggesting 
an additive effect and differing mechanisms of action. 4Ig alone 
or in combination with CNTF was also associated with reductions 
in adverse ocular parameters such as retinal thinning and cataract 
formation when compared with rat CNTF alone (Supplemental 
Figure 6C and Supplemental Table 1).

Given that some prosurvival compounds also impair the abil-
ity of photoreceptors to respond to light (44, 46–48), we sought 
to investigate whether 4Ig treatment promotes improvement in 
visual function. In the case of Rd1 mice, which present with rapid 
degeneration coupled with nonfunctional rods, we used the highly 
sensitive method of recording light-evoked spike activity in RGCs, 
which are the output neurons upon which photoreceptor activity 
converges. To demonstrate the effect of 4Ig on light response, we 
used Rd1 mice older than P28, which corresponds to an age when 
photoreceptor-driven light-evoked RGC activity is absent (49, 
50). Rd1 mice were treated with 4Ig (1 μg/μL) on P8 and P14, and 
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mal models. For example, dysregulation of cyclic nucleotide sig-
naling is a common feature of many IRD models (57, 58). Indeed, 
abnormal elevation of both cAMP and cGMP has been observed in 
numerous animal models of IRDs (14, 16). The notion that cAMP 
promotes photoreceptor death in IRDs is supported by findings 
that cAMP levels are abnormally elevated in numerous animal IRD 
models, such as P23H rats and S334Ter rats (14), and P347S mice 
(15) and Rd2 mice (also known as Rds) (57, 58). Strategies used to 
lower cAMP levels also have had protective effects in various IRD 
models (e.g., Rd10) (59–61). The mechanisms by which cAMP con-
tributes to photoreceptor death are largely unknown, though they 
likely involve PKA-mediated changes in gene expression (62, 63). 
Here we address this knowledge gap by uncovering a critical com-
ponent of the death signaling pathway in models of IRD, whereby 
elevated levels of cAMP promote photoreceptor death by modulat-
ing the expression the dependence receptor neogenin.

Studies in mammalian cells have revealed that cAMP is instru-
mental in stabilizing select mRNAs (64, 65), which prompted us 
to investigate whether cAMP/PKA exerts any effect on neogenin 
mRNA levels and stability in IRD retinas. Our results suggest that 
cAMP levels are an important effector in the regulation of neo-
genin mRNA stability, though the specific mechanisms mediat-
ing this effect are not well defined. Previous studies have shown 
that cAMP/PKA can regulate mRNA stability by directly altering 
the activity of proteins involved in mRNA decay. For instance, 
cAMP-elicited phosphorylation of TIS11b, which targets some 
mRNAs for degradation, plays a key regulatory role in its mRNA 
decay–promoting function (66).

The finding that neogenin neutralization/silencing promoted 
photoreceptor survival in models of IRD suggests that dependence 
receptor inhibition represents an as-yet-unexplored treatment 
opportunity for these disorders. One means by which neogenin 
acts as a dependence receptor is by directly inducing cell death 
via proteolytic cleavage of its intracellular domain in order to 
expose a caspase cleavage site (38). Here we observed individual 
photoreceptors that stained positive for both elevated neogenin 
in their cell soma and for cleaved caspase-3 in P12 Rd1 mice, and 
furthermore found that a noncleavable mutant for neogenin had 
a reduction in pro-death function. In dissociated photoreceptor 
cultures, cAMP led to elevated cleaved caspase-3 levels in photo-
receptors, and this was completely blocked by neutralizing neo-
genin function. Although caspase-3 has been shown to be involved 
in retinal degeneration in both Rd1 (67–69) and Rd10 mice (32), 
along with many other RP models (67, 70), others have argued that 
while potentially involved, it is not necessarily critical for retinal 
degeneration (71). In addition to direct involvement in caspase 
activation, neogenin also promotes cell death via death-associat-
ed protein kinase (DAPK) activation (72), which is a key regulator 
of pro–cell death pathways through both caspase-dependent and 
caspase-independent signals (73, 74). DAPK is a key component 
in the ER stress–induced cell death pathway (75), which has also 
been implicated in Rd1 photoreceptor degeneration (76). Thus, 
although our data suggest that caspase is involved in photore-
ceptor death in Rd1/10 mice, we cannot at this point exclude the 
involvement of nonapoptotic pathways downstream of neogenin.

In the Rd1 model of severe retinal degeneration, it is also 
notable that our treatment approach, in addition to promoting 

becomes severely disturbed by P25, which is when these mice lose 
cone-driven light responses in electroretinograms (ERGs) (31, 32, 
53). We therefore performed an intravitreal injection of 4Ig on P20, 
followed by sacrifice on P30, and measured cone outer segment 
length, which was significantly improved compared with that in 
PBS-treated control Rd10 retina (Figure 8, A and B).

Visual function in Rd10 mice was assessed using ERGs, which 
measure the global electrical responses of various cell types (rods, 
cones, bipolar cells, Müller glia) in response to light stimuli. If the 
test is performed under dark-adapted (scotopic) conditions, dim 
light flashes initially evoke rod-driven electrical responses, and as 
the flash intensities increase, a mixed rod-cone response is gener-
ated. If the test is performed under light-adapted (photopic) condi-
tions, flashes evoke a cone-driven response. The amplitude of the 
b wave is commonly used as an indicator of the quality of visual 
function in rodents (54). Rd10 mice were treated with 4Ig on P20, 
and on P30 mice were dark adapted overnight and subsequently 
subjected to ERG recordings. This age corresponds to a time when 
cone-driven responses are largely absent (31, 32, 53). Under scoto-
pic conditions, treated mice showed a significant improvement in 
b wave amplitudes at flash intensities eliciting rod-driven respons-
es and at intensities eliciting mixed rod/cone responses (Figure 8, 
C and D, and Supplemental Figure 8). Following light adaptation, 
there was also a significant improvement in cone-driven b wave 
amplitudes (Figure 8D), indicating an improvement in both rod- 
and cone-driven visual function.

Behavioral measures of visual thresholds are another means 
of assessing visual function. In rodents, slow reflexive horizon-
tal head and body rotation occurs when the visual field is rotated 
around them, and this optomotor tracking can be reliably pro-
duced in a virtual reality system known as OptoMotry (55, 56). 
In this procedure, a virtual cylinder covered with vertical sine 
wave gratings is presented to a mouse freely standing on a raised 
platform (56). The maximum spatial frequency that drives head 
movements is a measurement of visual acuity (in cycles/degree). 
The optomotor tracking response is due to the same subcortical 
visual pathways responsible for horizontal optokinetic nystagmus 
(55), is measurable after eye opening, and reaches peak acuity by 
P24 (56). Rd1 mice lacked this response, whereas PBS-treated P28 
Rd10 and P23 RhoP23H/P23H mice had impaired visual acuity, which 
was significantly improved following 4Ig treatment (Figure 8E). 
Together, these data show that peptide inhibition of neogenin is a 
potential strategy to prevent the loss of visual function.

Discussion
Here we identify neogenin as a major regulator of photoreceptor 
death in retinal degeneration. We show that cAMP induces neo-
genin upregulation, which triggers photoreceptor death. In the 
human and the murine retina with IRD, we observed increased 
neogenin levels in photoreceptors when compared with healthy 
eyes. In models of IRD, neogenin inhibition prevented cone and 
rod death and preserved ERG responses and light-evoked retinal 
output, thereby stabilizing visual acuity. Thus, peptide-based neo-
genin inhibition represents a viable strategy to protect visual func-
tions in retinal degeneration.

Despite the great genetic heterogeneity of IRDs, there are com-
mon pathological features that have been observed in different ani-
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N-terminal portion of the 4Ig peptide and a His-tag was added to the 

C-terminal portion of the peptide.

A HEK293 cell line (ATCC) stably expressing secreted His-

tagged 4Ig peptide was used for 4Ig generation. 10× binding solution 

consisted of sterile PBS containing 3 M NaCl, 50 mM imidazole, pH 

7.4, diluted 10-fold in the 4Ig-containing Opti-MEM supernatant. 

Approximately 150 μL Nickel-NTA Agarose beads (QIAGEN) was 

added per 50-mL solution, and the mixture was placed at 4°C with 

gentle rocking for 2 hours to allow for maximal protein binding. 

Beads were then washed 5–10 times with PBS plus 300 mM NaCl, 20 

mM imidazole, pH 7.5. Protein was eluted in PBS plus 300 mM NaCl 

plus 200 mM imidazole, pH 7.5. 10 μL eluate plus 2 μL 6× Laemmli 

buffer was run on a 10% SDS gel. Following gel electrophoresis, a 

Coomassie stain was performed to assess protein purity. 4Ig runs at 

approximately 70 kDa. Protein from the eluate was then concentrated 

using 10-kDa Amicon spin columns and dialyzed against sterile PBS 

using a 10-kDa cutoff membrane.

Protein concentration was determined using a Pierce BCA kit, 

and all protein was diluted such that a final concentration of 1 μg/μL 

in sterile PBS was achieved. Sterility of the 4Ig solution was confirmed 

by adding a small amount of purified 4Ig to a plate containing DMEM 

without antibiotics, incubating at 37°C, and monitoring for bacterial 

growth. Following dilution to 1 μg/μL, the solution was aliquoted (20 

μL) and stored at –80°C until immediately before use.

cAMP experiments. Y79 human retinoblastoma cells (ATCC) were 

seeded 4 × 106 in 10 mL RPMI medium containing 10% FBS in 10-cm 

plates and incubated at 37°C. 0.5 mM 8Br-cAMP (Tocris) or 0.5 mM 

8Br-cGMP (Tocris) was added to media and incubated for 48 hours. 

Concentrations were chosen based on commonly used concentrations 

used in cell culture assays (84). Total cell lysates were generated using 

RIPA buffer. Protein concentration was determined using a Pierce 

BCA kit. Western blots were done using neogenin (C20; Santa Cruz 

Biotechnology Inc.) and GAPDH (8245; Abcam) and imaged using the 

Odyssey system (LI-COR). Neogenin levels were normalized to the 

loading control, background was subtracted, and quantification was 

done on the raw data files using ImageStudio (LI-COR) software per 

the manufacturer’s instructions.

Dissociated rod P3–P7 photoreceptors from Nrl-EGFP mice were 

prepared and plated as described previously (85). 100,000 cells per 

well were plated either in a 12-well plate containing poly-l-lysine–

coated coverslips or a 96-well plate with a glass bottom. After settling 

for 2 hours, cells were incubated with or without 1 mM 8Br-cAMP 

for 24 or 72 hours. Concentrations of 8Br-cAMP used were based 

on guidance from the literature (86). Cells were fixed in 4% PFA for 

15 minutes. Antibodies used were as follows: neogenin (H175; San-

ta Cruz Biotechnology Inc.) and cleaved caspase-3 (9664/ 9661; 

Abcam). For caspase-3 quantification, cell counts were performed on 

three 20× images per well and averaged. Each n value represents a 

separate retina dissociation.

Extracellular spiking from RGCs. C3H/HeJ (Pde6brd1) mice were 

treated with intravitreal injections of 4Ig peptide on P8 and P13 and 

were subsequently used for recording on P29–P35. Only 1 or 2 reti-

nas could be analyzed per day; however, all of the time points exam-

ined correspond to ages when robust light responses were absent in 

untreated Rd1 mice. Before recording, mice were dark adapted for 

approximately 30–60 minutes before being briefly anesthetized and 

decapitated. The retina was isolated under infrared light, with all vit-

photoreceptor survival and visual processing within the retina, 
also abrogates abnormal circuit behavior. RGC hyperactivity is 
observed in numerous models of IRD and reflects stereotyped 
regressive inner retinal changes (77). These rhythmic outbursts 
are triggered by oscillatory synaptic inputs most likely driven by 
an electrically coupled network of ON cone bipolar and AII ama-
crine cells (78) and can impair residual visual function driven by 
surviving photoreceptors (79). The mechanisms underlying the 
abrogation of RGC hyperactivity seen here remain unknown 
(50), though likely they relate to the benefits of maintaining 
synaptic contacts between photoreceptors and retinal interneu-
rons. Thus, neogenin inhibition prolongs normal retinal pro-
cessing while also slowing the occurrence of regressive inner 
retinal changes, suggesting it could be a beneficial adjunct to 
approaches aimed at restoring or preventing degenerative vision 
loss in humans.

One IRD treatment approach currently being applied for 
humans is gene replacement therapy, which uses viral vector–
based gene delivery in order to express WT versions of the affect-
ed protein. For example, gene therapy has been used successfully 
for RPE65-related Leber congenital amaurosis (LCA2), a form 
of congenital childhood blindness with similarities to RP. How-
ever, after 4.5–6 years of follow-up, it was observed that the rate 
of photoreceptor death was the same in the patients’ treated and 
untreated eyes (80), suggesting that even with gene therapy, addi-
tional approaches aimed at preventing further photoreceptor loss 
may be needed. One such approach under investigation involves 
the overexpression of histone deacetylase 4 (HDAC4) in order to 
prolong rod and cone survival in Rd1 mice, which leads to partial 
restoration of visual functions (81). Future work will determine 
whether this can lead to the generation of a protein-based therapy 
for IRDs. Another approach involves application of CNTF, which 
has been shown to slow photoreceptor degeneration in several ani-
mal models (82) but failed to demonstrate visual function benefits 
in human clinical trials (83). Besides providing an alternative to 
these therapeutic opportunities, the peptide treatment approach 
presented here demonstrated synergistic effects on photoreceptor 
survival when combined with CNTF. This suggests that synergistic 
therapies are possible in IRDs and paves the way for future treat-
ment approaches in which multiple therapeutics are used together 
in order to achieve long-term vision protection.

Methods
Supplemental Methods are available online with this article.

Retinal degeneration mouse strains. C3H/HeJ (Pde6brd1; The Jack-

son Laboratory), ICR (Pde6brd1; Taconic), B6.CXB1-Pde6brd10/J (Rd10; 

The Jackson Laboratory), B6.129S6(Cg)-Rhotm1.1Kpal/J (P23H; The 

Jackson Laboratory), B6.Cg-Tg(Nrl-EGFP)1Asw/J (The Jackson Labo-

ratory), and C57BL/6J (The Jackson Laboratory) mice were used. All 

animals were handled according to guidelines and standard operating 

procedures of the University Health Network, Toronto, Ontario, Cana-

da, and were housed under 12-hour light/12-hour dark cycles. Animals 

were bred using standard procedures.

4Ig peptide preparation. The 4Ig construct was generated previous-

ly in our laboratory (22). Briefly, the 4 Ig domains of neogenin’s extra-

cellular domain were inserted into the polylinker region of pSecTag 2B 

(Thermo Fisher Scientific) such that a signal peptide was added to the 
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Optomotry testing. Rd10 or RhoP23H/P23H mice were given intravitre-

al injections of either PBS or 4Ig (1 μg/μL) on P20 or P10, and testing 

was done on P28 or P24, respectively, under normal lighting condi-

tions. The tester was blinded to the treatment conditions and the spa-

tial frequencies being tested during the procedure. Quantification of 

visual acuity was performed as described previously (55, 56). Custom 

software (OptoMotry VR 1.7.7) from CerebralMechanics running on an 

Apple computer projected a vertical sine wave grating on the monitors 

so as to create a virtual cylinder in the visual field of the mouse. A Zeiss 

video camera imaging the mouse from above projected to the associ-

ated Apple computer software; a bullseye was manually clamped via 

the software to the mouse’s head so as to continuously center the vir-

tual cylinder. The vertical sine wave gratings were then rotated around 

the mouse at 12 degrees/second using the randomized protocol design 

and the simple staircase psychophysical method within the software.

Statistics. Quantifications were done with the experimenter blind-

ed to the treatment conditions. Statistical analysis was performed 

using GraphPad Prism software, and data are shown as mean ± SEM. 

Results were considered significant if P was less than 0.05. Signifi-

cance of differences between 2 groups was determined using 2-tailed 

Student’s t test. For more than 2 groups, 1- or 2-way ANOVA followed 

by Šidák’s multiple-comparisons test or Bonferroni’s test was used as 

indicated in the figure legends.

Study approval. Immunocytochemical analysis was performed 

with the approval of the Cleveland Clinic Institutional Review Board 

(IRB 14-057) on eyes obtained through the Foundation Fighting Blind-

ness (FFB) Eye Donor Program (see supplemental methods). Written 

informed consent was received from donors. The research adhered 

to the tenets of the Declaration of Helsinki. All animal studies were 

approved by the Animal Care Committee of the University Health 

Network, Toronto.
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reous removed. The retina was then flat mounted on a piece of filter 

paper with a precut window, through which visual stimuli were pre-

sented to the photoreceptors. The mounted retina was perfused with 

warmed Ringer’s solution (35°C–37°C) containing 110 mM NaCl, 2.5 

mM KCl, 1 mM CaCl
2
, 1.6 mM MgCl

2
, 10 mM dextrose, and 22 mM 

NaHCO
3
 that was bubbled with carbogen (95% O

2
:5% CO

2
). CNQX 

and DL-AP4 were purchased from Tocris Bioscience. Spike recordings 

were made using the loose cell-attached patch-clamp technique with 

5- to 10-MΩ electrodes containing Ringer’s solution.

Data were acquired using a MultiClamp 700B Amplifier (Molec-

ular Devices). Analog signals were low-pass filtered at 2 kHz and 

sampled at 10 kHz with the Digidata 1440A analog-to-digital board 

(Molecular Devices). Visual stimuli were produced via a blue LED 

projector (Acer) projected from below the preparation and were 

focused onto the outer segments of the photoreceptors with the help 

of the substage condenser. The stimuli were always 2-second bright 

spots (9 mW/cm2) on a black background presented every 10 seconds. 

The responses were analyzed with custom software in MATLAB 

(MathWorks). In experiments studying increasing spot sizes, spatial 

selectivity index was calculated as (R
opt

 – R1000/R
opt

 + R1000), where 

Ropt is the amplitude of the optimal spot (200/400 μm) and R1000 

is the response to the 1000-μm spot. Direction selectivity index was 

measured as (Σ vi /Σ ri), where vi are vectors pointing in the direction 

of the stimulus and having length ri, equal to the number of spikes 

recorded during that stimulus. Population data are expressed as mean 

± SEM. Student’s t test was used to compare values under different 

conditions, and the differences were considered significant when P 

was less than 0.05.

Electroretinogram recordings. Rd10 mice were treated with intra-

vitreal injections of 2 μL of either PBS or 4Ig (1 μg/μL) on P20, and 

ERG recordings were performed on P30. ERG light stimulation and 

recordings were done using a Diagnosys Espion E3 rodent ERG device 

with a ColorDome Ganzfeld stimulator and Espion V6 software. 

All recordings were done in the dark with red light for illumination. 

Before recordings, mice were dark adapted overnight. The following 

day, mice were anesthetized using Avertin (250 mg/kg). Mydriatic eye 

drops were placed on the eyes so as to dilate the pupil. Body tempera-

ture was maintained at 38°C via a heated platform designed for mouse 

ERG recordings (Diagnosys). The cornea was kept moist with a thin 

layer of methylcellulose solution. Simultaneous bilateral recordings 

were done using gold loop electrodes placed on the cornea of each eye. 

A subdermal platinum reference electrode was placed between the 

eyes, and a ground platinum electrode was placed in the tail.

Light stimulation consisted of brief pulses of white light (6500K). 

Scotopic recordings were done first on the dark-adapted mouse. Five 

to 10 recordings per stimulus intensity were averaged, and the a- and 

b wave amplitudes were determined by the software. The following 

stimuli conditions (flash intensities) were used: 0.00025 cd/s/m2, 

0.0025 cd/s/m2, 0.025 cd/s/m2, 0.25 cd/s/m2, 2.5 cd/s/m2, 5 cd/s/m2, 

and 10 cd/s/m2. Mice were then light adapted with 30 cd/s/m2 back-

ground illumination for 600 seconds. Photopic tests were done in the 

presence of 30 cd/s/m2 background illumination. Thirty recordings 

per flash intensity were averaged, and the amplitude of the a- and b 

waves was determined by the software. The following stimulus inten-

sities were used: 0.15 cd/s/m2, 1.25 cd/s/m2, 5 cd/s/m2, 10 cd/s/m2, 25 

cd/s/m2, 50 cd/s/m2, and 75 cd/s/m2. Data are presented as mean ± 

SEM using GraphPad Prism software.
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