
Sigma 1 Receptor activation improves retinal structure and 
function in the RhoP23H/+ mouse model of autosomal dominant 
retinitis pigmentosa

Shannon R Barwick, Ph.D.1,2, Haiyan Xiao1,2, David Wolff1, Jing Wang1,2, Elizabeth Perry1, 
Brendan Marshall1, Sylvia B. Smith1,2,3

1Department of Cellular Biology and Anatomy, Medical College of Georgia, Augusta University, 
Augusta, GA.

2James and Jean Culver Vision Discovery Institute, Augusta University, Augusta, GA.

3Department of Ophthalmology, Medical College of Georgia, Augusta University, Augusta, GA

Abstract

Retinitis pigmentosa (RP) is a group of devastating inherited retinal diseases that leads to visual 

impairment and oftentimes complete blindness. Currently no cure exists for RP thus research into 

prolonging vision is imperative. Sigma 1 receptor (Sig1R) is a promising small molecule target 

that has neuroprotective benefits in retinas of rapidly-degenerating mouse models. It is not clear 

whether Sig1R activation can provide similar neuroprotective benefits in more slowly-progressing 

RP models. Here, we examined Sig1R-mediated effects in the slowly-progressing RhoP23H/+ 

mouse, a model of autosomal dominant RP. We characterized the retinal degeneration of the 

RhoP23H/+ mouse over a 10 month period using three in vivo methods: Optomotor Response 

(OMR), Electroretinogram (ERG), and Spectral Domain-Optical Coherence Tomography (SD-

OCT). A slow retinal degeneration was observed in both male and female RhoP23H/+ mice when 

compared to wild type. The OMR, which reflects visual acuity, showed a gradual decline through 

10 months. Interestingly, female mice had more reduction in visual acuity than males. ERG 

assessment showed a gradual decline in scotopic and photopic responses in RhoP23H/+ mice. 

To investigate the neuroprotective benefits of Sig1R activation in the RhoP23H/+ mouse model, 

mutant mice were treated with a high-specificity Sig1R ligand (+)-pentazocine ((+)-PTZ) 3x/

week at 0.5mg/kg and examined using OMR, ERG, SD-OCT. A significant retention of visual 

function was observed in males and females at 10 months of age, with treated females retaining 

~50% greater visual acuity than non-treated mutant females. ERG revealed significant retention 

of scotopic and photopic b-wave amplitudes at 6 months in male and female RhoP23H/+ mice 

treated with (+)-PTZ. Further, in vivo analysis by SD-OCT revealed a significant retention of 

outer nuclear layer (ONL) thickness in male and female treated RhoP23H/+ mice. Histological 

studies showed significant retention of IS/OS length (~50%), ONL thickness, and number of 
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rows of photoreceptor cell nuclei at 6 months in (+)-PTZ-treated mutant mice. Interestingly, 

electron microscopy revealed preservation of OS discs in (+)-PTZ treated mutant mice compared 

to non-treated. Taken collectively, the in vivo and in vitro data provide the first evidence that 

targeting Sig1R can rescue visual function and structure in the RhoP23H/+ mouse. These results 

are promising and provide a framework for future studies to investigate Sig1R as a potential 

therapeutic target in retinal degenerative disease.
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Introduction

Retinitis pigmentosa (RP), a group of devastating inherited retinal degenerative diseases, 

leads to death of rod photoreceptor cells (rod/cone dystrophy) or the death of cone 

photoreceptor cells (cone/rod dystrophy) (Guafagni et al, 2016). RP can be inherited as 

autosomal dominant (adRP), autosomal recessive (arRP), or X-linked. The majority of RP 

cases are autosomal recessive; adRP cases comprise the second largest number of cases with 

most mutations occurring in the RHO gene and are non-syndromic RP (Mendes et al, 2005). 

RP typically leads to the loss of rod photoreceptor cells initially with subsequent loss of 

cones (Hamel, 2006). It presents most often in early adulthood and patients complain of 

night blindness and decreased peripheral vision. The progression of RP is typically slow but 

due to the heterogeneous nature of the disease it is difficult to predict (van Soest et al, 1999). 

Currently, no cure exists for RP and therapies focus on stem cell therapy (Carr et al, 2013; 

Zakrzewski et al 2019), gene therapy (Latella et al, 2016; Vandenberghe et al, 2011: Yu et al. 

2017) and retinal implants (Hallum and Dakin 2021). While these are promising approaches, 

therapeutic targets are a propitious option that can also benefit a wide range of RP patients 

with varying disease origins.

Sigma 1 receptor (Sig1R) is a unique protein with robust neuroprotective retinal properties 

(Smith et al, 2018). It is a small (~27kD) transmembrane protein with no known mammalian 

homologs. Sig1R is a pluripotent modulator of cell survival (Su et al, 2016) and has been 

classified as a novel target for treatment of neurodegenerative diseases (Nguyen et al, 

2015). It is abundantly expressed throughout the eye including all retinal cell types, notably 

photoreceptors (Ola et al, 2001; Wang et al. 2002).

The first report addressing whether Sig1R modulates photoreceptor cell survival in vivo 
was from Hara’s group. They administered SA4503, a Sig1R ligand, intravitreally in wild 

type mice 1h prior to inducing photoreceptor cell death with intense light exposure. They 

reported improved dark-adapted ERGs and decreased photoreceptor cell loss in SA4503-

treated v. non-treated mice (Shimazawa et al, 2015). Sig1R-mediated retinal protection has 

been investigated in genetic models of photoreceptor cell degeneration. Our lab utilized the 

Pde6brd10/J (rd10) mouse model to test activation of Sig1R (Wang et al, 2016). The rd10 
mouse has a mutation in the beta subunit of the cGMP-phosphodiesterase gene (Chang 

et al, 2002; Chang et al, 2007) and develops a rapid photoreceptor cell degeneration. 

Barwick et al. Page 2

Exp Eye Res. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Upon treatment with a high affinity Sig1R ligand (+)-pentazocine ((+)-PTZ), mice showed 

improved photopic ERGs and histological assessment revealed cone preservation (Wang et 

al, 2016). To confirm that cone photoreceptor cell protection was directly related to Sig1R 

activation, our lab generated rd10 mice lacking Sig1R (rd10/Sig1R−/−). These mice were 

treated with/without (+)-PTZ and showed no improvement in photopic ERG and no cone 

preservation suggesting Sig1R is required for (+)-PTZ-mediated cone rescue (Wang et al, 

2016). The Guo lab also investigated lack of Sig1R in rd10 mice (reared in dim light 

to reduce rapid photoreceptor cell loss) and found that rd10/Sig1R−/− mice had a retinal 

phenotype that was worse than rd10/Sig1R+/+ mice (Yang et al, 2017).

The rd10 mouse provided compelling evidence that activation of Sig1R is potentially 

therapeutic though the degenerative process is quite rapid. The current study explored the 

role of Sig1R-mediated retinal neuroprotection in a model with a more slowly progressing 

disease that more faithfully recapitulates RP in humans, the Rho-P23H mouse model. The 

P23H mutation of rhodopsin accounts for ~10% of all cases of adRP (Chen et al, 2014).

A number of laboratories have attempted to create an adRP model with the P23H mutation 

of rhodopsin (Barwick et al, in press), and the one established by the Palczewski laboratory 

authentically recapitulates the human disease. A cohort of 19 human adRP patients with 

the RHO-P23H mutation were evaluated in conjunction with the knock-in Rho-P23H mouse 

model that was generated. The mouse demonstrates a slowly progressing loss of ERG 

function over many months, similar to patients carrying the RhoP23H/+ mutation, and a 

slow progressive retinal degeneration in which gradual shortening and disorganization of 

outer segments precedes rod photoreceptor cell death. A notable feature of the RhoP23H/+ 

mouse model is that its degeneration pattern shows regional retinal degenerative differences 

such that the ventral (inferior) retina degenerates more rapidly than the dorsal (superior) 

retina, which is similar to the inferior-superior differences observed in human RP patients 

(Sakami et al. 2011). In aggregate, the aforementioned similarities of the humanized mouse 

model created in the Palczewski laboratory to human adRP patients (Dias et al, 2017) 

make this model a particularly attractive tool for investigating mechanisms of disease and 

interventional strategies.

The present work investigated Sig1R activation in this model. Earlier reports of the 

RhoP23H/+ mouse reported ERG responses in a small number of mice, however no 

other functional tests were performed. Here, we conducted comprehensive functional and 

morphological assessments of the retinal degeneration over a 10 month period and evaluated 

consequences of Sig1R activation in the RhoP23H/+ model.

Materials and methods

Animal Breeding

RhoP23H/P23H and wild type (C57BL/6J) mice were purchased from Jackson Laboratories 

(strain number 017628, 000664; Bar Harbor, ME). RhoP23H/P23H male mice were crossed 

with wild type females to produce RhoP23H/+ offspring. Maintenance and treatment of 

animals adhered to institutional guidelines for humane treatment of animals and to the 

ARVO statement for Use of Animals in Ophthalmic and Vision Research.
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395 mice were used in this study. Mice were evaluated utilizing functional assessments 

every month from 1–10 months of age. Due to the gradual decline in visual acuity observed 

over the 10 month time period, further functional and histological analysis was performed 

at 2, 4, 6, 8, and 10 months (n~286). Mice usage for each experiment is outlines in 

Supplementary Table 1.

Administration of (+)-Pentazocine

(+)-PTZ (6-methano-3-benzazocin-8-ol, Sigma Aldrich, St. Louis, MO), dissolved in DMSO 

and diluted in 0.01M PBS, was administered intraperitoneally at a dosage of 0.5mg/kg three 

times per week beginning on postnatal day 14 (P14) for the duration of the mouse’s life.

Visual Acuity

Visual acuity of wild type, RhoP23H/+, and RhoP23H/+ + (+)-PTZ-treated mice was 

measured as spatial thresholds for opto-motor tracking of sine-wave gratings using a 

virtual optokinetic system (OptoMotry, CerebralMechanics, Medicine Hat, Alberta, Canada) 

(Prusky et al, 2004). Mice were analyzed as described in earlier studies (Navneet et al, 2019; 

Xiao et al, 2020). Briefly, the unrestrained mouse was placed on a small platform at the 

epicenter of the chamber. The chamber (comprised of four computer monitors) produced 

vertical sine-wave gratings moving at 12°/s or gray of the same mean luminance creating 

a virtual cylinder. Grating rotation elicited reflexive optomotor tracking, which was scored 

via live video using the two-alternative forced choice procedure. Data were recorded as the 

highest SF that yields optomotor tracking responses on 70% of the trials, determined by a 

staircase procedure.

Electrophysiology (ERG)

Electrophysiological studies were performed to evaluate photoreceptor cell (and other 

retinal neuronal) responses in vivo in mice (ages 2, 4, 6, 8, and 10 months). Retinal 

cell function was investigated using the Diagnosys Celeris ERG system (Lowell, MA) 

as described previously (Wang et al, 2020). Briefly, mice were dark-adapted overnight 

and anesthetized with 80 mg/kg ketamine and 10 mg/kg xylazine. 2.5% Phenylephrine 

Hydrochloride Ophthalmic Solution and 2% Tropicamide Ophthalmic Solution were used 

to dilate the pupils. Probes, containing both electrode and light source, were placed on 

the cornea with 0.3% hypromellose (GenTeal®Tears). Dark adapted scotopic scans using a 

series of light flashes with increasing intensities (e.g. 0.001, 0.005, 0.01, 0.1, 0.5, 1 cd s/m2) 

were performed. Following scotopic analysis, photopic scans were performed using a series 

of light flashes with increasing intensities (e.g. 3, 10, 25, 50, 100, 150 cd s/m2).

Spectral Domain-Optical Coherence Tomography (SD-OCT)

SD-OCT was performed to evaluate retinal structure in vivo in mice at ages 2, 4, 6, 8, 

and 10 months. Mice were anesthetized as described for ERG. Retinal architecture was 

assessed in vivo using a Bioptigen Spectral Domain Ophthalmic Imaging System (SDOIS; 

Bioptigen Envisu Leica, R2200, Buffalo Grove, IL), which includes averaged single B-scan 

and volume intensity scans with images centered on the optic nerve head as described 

previously (Wang et al, 2020). Post-imaging analysis included manual assessment of retinal 
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layers using InVivoVue™ Diver 2.4 software (Bioptigen). Five measurements each were 

taken at (1) the level of dorsal retina, (2) level of the optic nerve, and (3) level of the ventral 

retina using the caliper function.

Orientation and processing of tissue for light microscopy

A Stemi 2000-C (Zeiss) stereo microscope was utilized to visualize the eye of the euthanized 

mouse. A small burn at the dorsal limbus was made using a GEMINITM Cautery Pen 

System to permit orientation of the eye. Eyes were removed and placed immediately in 

optimal cutting temperature compound (OCT) (Elkhart, IN). They were flash frozen without 

fixation and 10μm thick cryosections were obtained.

Morphology

Retinal cryosections, stained with hematoxylin and eosin, were used to perform 

morphometric analyses. Two images were captured from the dorsal and ventral retina 

per eye of using a Zeiss Axio Imager D2 microscope (Carl Zeiss, Göttingen, Germany) 

equipped with a high-resolution camera. Two measurements per image were taken of the 

total retinal thickness, ONL thickness, and IS/OS length. Additionally, the number of rows 

of photoreceptor cell nuclei were counted. Measurements were performed using the distance 

function of the Zeiss Zen 2.3 Pro software.

Electron Microscopy Preparation, Embedding and Visualization

Eyes that had been oriented as described were fixed in 4% paraformaldehyde, 2% 

glutaraldehyde in 0.1 M sodium cacodylate (NaCac) buffer, pH 7.4, postfixed in 2% osmium 

tetroxide in NaCac, stained in block with 2% uranyl acetate, dehydrated with a graded 

ethanol series and embedded in Epon-Araldite resin. The block was trimmed to permit 

proper orientation of the eye during imaging. Thin sections were cut with a diamond knife 

on a Leica EM UC7 ultramicrotome (Leica Microsystems, Inc, Bannockburn, IL), collected 

on copper grids and stained with uranyl acetate and lead citrate. Tissue was observed in a 

JEM 1400 flash transmission electron microscope (JEOL USA Inc., Peabody, MA) at 110 

kV and imaged with a CMOS CCD camera & One View Digital Camera Controller (Gatan 

Inc., Pleasanton, CA). Images were taken within the IS/OS region of dorsal retinas. Images 

focused on the OS were used to qualitatively assess the organization and density of OS.

Statistical Analysis

Data were collected and statistical analysis was performed using two-way ANOVA with 

multiple comparisons. Due to sex differences that were observed in this study, data were 

separated into male and female groups and multicomparison factors used were age and 

treatment. Tukey’s post-hoc test was utilized. Data were considered significant if the P-value 

was less than 0.05.
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Results

Male and female RhoP23H/+ mice retain visual acuity with (+)-PTZ treatment.

Visual acuity was investigated using the OptoMotry system in wild type, RhoP23H/+, 

RhoP23H/+ + (+)-PTZ mice. Wild type mice evaluated in this study had visual acuity 

averaging ~0.4 c/d over the 10 month testing period (Fig. 1A and C), which is consistent 

with expected values. Visual acuity in male RhoP23H/+ mice was similar to wild type through 

2 months with a slight decline between 3 and 6 months averaging ~0.35 c/d. A highly 

significant reduction in visual acuity was observed in male RhoP23H/+ averaging ~0.25 

c/d at 10 months when compared to wild type (Fig. 1A). Visual acuity was similar in 

(+)-PTZ-treated and non-treated male RhoP23H/+ mice at 1–3 months. By 4 months, acuity 

was significantly better in treated mice (Fig. 1B). At 10 months visual acuity in male mutant 

mice was ~0.24 c/d, whereas (+)-PTZ-treated mutant mice demonstrated visual acuity that 

was ~0.33 c/d (p=0.0004).

Visual acuity in female RhoP23H/+ mice was similar to wild type through 4 months and was 

slightly lower than observed in mutant males (Fig. 1C). Visual acuity declined steadily from 

5–8 months. The decline progressed rapidly such that by 10 months, the visual acuity in 

females averaged less than 0.1 c/d while age-matched males averaged ~0.25 c/d.

Visual acuity was significantly retained in female RhoP23H/+ mice treated with (+)-PTZ 

at 4 months (~0.4 c/d). Visual acuity declined in female RhoP23H/+ mice to less than 0.1 

c/d at 10 months, whereas (+)-PTZ treated mutant mice showed significant preservation of 

acuity greater than 0.2 c/d at 10 months (p<0.0001, Fig. 1D). It should be noted that to our 

knowledge this is the first report of differences between male and female in the RhoP23H/+ 

mouse model, hence data are presented for the two sexes separately throughout this report. 

Due to the gradual decline in visual acuity over the 10 months studied, the studies that 

followed were performed at ages 2, 4, 6, 8, and 10 months.

Male and female RhoP23H/+ mice retain visual function with (+)-PTZ treatment.

Photoreceptor cell function was analyzed by ERG in wild type, RhoP23H/+, and RhoP23H/+ + 

(+)-PTZ mice. Scotopic and photopic analyses were performed to investigate rod and cone 

function in male and female mice. Representative tracings for scotopic and photopic data for 

male mice are shown in supplementary figures 1 and 2 while quantitative data are shown 

in figures 2 and 3. Wild type male mice had robust scotopic responses over the 10 months 

studied with a b-wave amplitude ranging from ~400–500μV at the highest flash intensities. 

Male RhoP23H/+ mice showed a gradual decline in scotopic b-wave amplitudes over the 10 

months tested (Fig. 2A–E). By 10 months there was a marked decrease in scotopic responses 

in RhoP23H/+ males compared to age-matched wild type male mice.

At 6 months, non-treated mutant male mice showed a decline in the scotopic b-wave 

amplitudes averaging ~140μV, yet (+)-PTZ treated RhoP23H/+ mice showed robust 

amplitudes most noticeable at the highest flash energy (~200μV, 1 cd.s/m2, Fig. 2H). A 

similar trend was observed in 8-month mice (~90μV v. ~150μV for non-treated v. treated, 

Fig. 2I). At 10 months, differences between treated and non-treated groups were no longer 

detectible. There were no changes in implicit time (Sup. Fig. 7). Scotopic a-wave was 
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analyzed in male RhoP23H/+ non-treated and treated mice. No significant changes were 

observed throughout the 10 month testing period.

Wild type male mice had robust photopic responses over the 10 months studied with a 

b-wave amplitude ranging from ~80–100μV at the highest flash intensities (Fig. 3A–E). 

Photopic b-wave amplitudes in male RhoP23H/+ mice were significantly reduced at all ages 

compared to wild type. Regarding PTZ-treated male RhoP23H/+ mice, no differences were 

observed compared to non-treated through 6 months (Fig 3F–H). At 8 months RhoP23H/+ 

male mice showed a decline in b-wave amplitudes (~30μV) whereas (+)-PTZ-treated male 

mice averaged ~55μV (150 cd.s/m2, Fig. 3I). At 10 months differences between treated and 

non-treated groups were no longer detected

ERG was performed in female mice and representative tracings for scotopic and photopic 

responses in female mice are shown in supplementary figures 3 and 4 while quantitative 

data are shown in figures 4 and 5. Wild type female mice had robust scotopic responses 

over the 10 months studied. No significant differences were observed in scotopic results 

between male and female wild type mice (Sup. Fig.8). Scotopic b-wave amplitudes in 

RhoP23H/+ female mice gradually declined over the 10 months. Interestingly, scotopic 

responses declined precipitously between 4 and 6 months such that at 6 months responses 

ranged from ~30–80μV (Fig. 4C). At 8 and 10 months scotopic responses were barely 

detectible (1 cd.s/m2, Fig. 4D–E). Scotopic b-wave amplitudes in female RhoP23H/+ mice 

were significantly reduced at all ages when compared to wild type.

Scotopic responses in females at 2 and 4 months were comparable in RhoP23H/+ mice 

regardless of (+)-PTZ treatment (Fig. 4F–G). By 6 months, non-treated mutant females 

showed a decline in the b-wave amplitudes (~80μV), whereas (+)-PTZ treated RhoP23H/+ 

mice showed robust amplitudes especially noticeable at the highest flash energy (~150μV, 

1 cd.s/m2, Fig 4H). Similarly, at 8 months RhoP23H/+ females had b-wave amplitudes 

of ~40μV at the highest flash intensities whereas (+)-PTZ-treated mutant mice were 

significantly better (~60–80μV at 1 cd.s/m2, Fig. 4I). At 10 months, differences between 

treated and non-treated groups were no longer detectible. There were no changes in implicit 

times (Sup. Fig 7). Scotopic a-waves were analyzed in female treated and non-treated 

RhoP23H/+ mice and revealed little change over the 10 months. A significant retention of 

scotopic a-wave amplitudes was observed only at 6 months in (+)-PTZ treated mice (~35μV, 

1 cd.s/m2, Sup. Fig. 6C).

Photopic b-wave amplitudes in wild type female mice had robust responses over 10 months 

ranging from 90–100μV at the highest flash intensities (Fig. 5 A–E). Photopic responses in 

female RhoP23H/+ mice showed a gradual decline in b-wave amplitudes over the 10 months 

tested. Collectively, these results suggest that ERG responses gradually decline over the 10 

month testing period in both male and female RhoP23H/+ mice.

At 2 months, non-treated mutants had an average b-wave amplitude of ~50μV, while (+)-

PTZ-treated RhoP23H/+ mice had more robust amplitudes particularly at the highest flash 

energy (~100μV, 150 cd.s/m2, Fig. 5F). By 6 months, non-treated female mutants had b-

wave amplitudes averaging ~40μV, while (+)-PTZ-treated mutants were significantly higher 
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averaging ~60μV at the highest flash energy (150 cd.s/m2, Fig 5H). When female mutant 

mice were analyzed at 10 months, there were no significant differences between treated 

and non-treated mice. Taken collectively, the ERG analyses showed that (+)-PTZ treatment 

significantly improved scotopic and photopic responses in male and female RhoP23H/+ mice, 

with most improvement seen between 6 and 8 months.

Male and female RhoP23H/+ mice retain ONL thickness with (+)-PTZ treatment through 10 
months of age.

Initial studies to investigate whether the inner or outer retina of RhoP23H/+ mice using 

SD-OCT revealed no changes within the inner retina, but a decrease in the outer retinal 

thickness. We speculated this is likely occurring within the ONL or IS/OS region or both. 

The SD-OCT has limited resolution for IS/OS length, which limits accurate measurement of 

this region. To overcome this limitation, we focused our measurements on the ONL layer.

Sakami et al. (2011) noted differences in dorsal vs. ventral retinas in P23H mice. Therefore, 

OCT measurements of the ONL thickness were made in the dorsal, optic nerve head and 

ventral retina regions in males and females, respectively. Representative images of SD-OCT 

performed in male wild type, RhoP23H/+, and RhoP23H/+ + (+)-PTZ mice are shown in 

supplementary figures 9A and 10A and quantified in supplementary figure 9A and figure 

6. Wild type males showed an ONL thickness ~60μm that was maintained throughout the 

10 month testing period (Sup. Fig 9A). Dorsal ONL thickness in RhoP23H/+ male mice 

decreased to approximately half that of wild type mice in all retinal regions as early as 

2 months (Fig. 6A) and gradually declined through 10 months. ONL thickness in (+)-PTZ-

treated male RhoP23H/+ mice was significantly thicker (~20μm). In treated and non-treated 

RhoP23H/+mice the ONL thickness declines in a gradual manner from thickest in the dorsal 

retina to thinnest in the ventral retina.

Representative images of SD-OCT performed in female wild type, RhoP23H/+, and 

RhoP23H/+ + (+)-PTZ mice are shown in supplementary figures 9B and 10B and quantified 

in supplementary figure 9B and figure 7. Wild type females had an ONL thickness ~60μm 

that was maintained throughout the 10 months tested (Sup. Fig 9B). Female RhoP23H/+ 

mice have a marked decline in ONL thickness between 2 and 4 months from ~20μm to 

~10μm (Fig. 7A and 7B) and gradually declined through 10 months. Female RhoP23H/+ 

ONL thickness declined at a faster rate than males. Data from SD-OCT analyses of 

mutant and treated female RhoP23H/+ mice revealed (+)-PTZ-treated RhoP23H/+ females 

had significantly thicker ONL than non-treated, age-matched mutants in dorsal, optic nerve, 

and ventral retinal regions (Fig. 7). The ONL in (+)-PTZ treated RhoP23H/+ females was 

significantly thicker through 8 months. Thus, for both male and female mutants, activation 

of Sig1R has a beneficial effect in preserving cells within the ONL.

Male and female RhoP23H/+ mice retain photoreceptor cell nuclei number and IS/OS length 
with (+)-PTZ treatment through 6 months of age.

Morphometric analyses were performed on H&E-stained retinal sections from wild type, 

RhoP23H/+, and RhoP23H/+ + (+)-PTZ-treated mice. Total retinal thickness, ONL thickness, 

IS/OS length, and number of rows of photoreceptor cell nuclei were measured over 10 
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months in male and female mice. The dorsal and ventral regions were analyzed separately. 

Representative images are shown in supplementary figure 11 (2, 4, 8, 10 months) and figure 

8 (6 months). Quantification of thickness of the total retina, ONL, IS/OS length, and the 

number of rows of photoreceptor cell nuclei are presented in supplementary figures 12 (2, 4, 

8, 10 months) and figure 8 (6 months).

The retinas of wild type male mice typically measure ~200–250μm in thickness. The ONL 

is ~40–60μm and IS/OS are ~30–40μm (Sup. Fig. 12 and Fig. 8). Wild type mice typically 

have 10–12 rows of photoreceptor cell nuclei. In contrast, RhoP23H/+ male mice demonstrate 

a decline in rows from 2 to 10 months. The ventral retina of mutants declined more rapidly 

than dorsal at least through the first 6 months. In PTZ-treated mice, measurements of the 

ONL, IS/OS and number of rows of photoreceptor cells were consistently greater than 

non-treated through 6 months. For example, at 4 months there were 5 rows of nuclei in the 

dorsal region and only 3 in the ventral region of non-treated mutants, whereas there were 7 

and 5 rows in the dorsal and ventral regions, respectively, in age-matched (+)-PTZ-treated 

mutants (Sup. Fig. 12).

Another important observation from the data in figure 8 is the significantly longer IS/OS in 

the dorsal retina of (+)-PTZ-treated male mutant mice (~25μm) versus non-treated (~12μm) 

at 6 months (Fig. 8D). These morphometric results suggest significant preservation of the 

outer retina when Sig1R is activated in male RhoP23H/+ mice through ~6 months of age.

Data from retinal morphological analyses in female mutant mice administered (+)-PTZ 

versus non-treated are presented in supplementary figures 13–14 and figure 8. Wild type 

female mice and had well organized retinas over the 10 month study with the total retinal 

thickness averaging ~200–225μm. Wild type female mice had an ONL thickness of ~40–

50μm and IS/OS length of ~40μm. There were 10–12 rows of photoreceptor cell nuclei (Sup. 

Fig. 14 and Fig. 8)

Non-treated RhoP23H/+ female mice showed few differences when compared to (+)-PTZ-

treated age-matched mutants at 2 and 4 months. At 6 months, IS/OS were significantly 

longer in PTZ-treated RhoP23H/+ female mice in the dorsal retina (~20μm) compared to 

non-treated mutants (~11μm). At that same age there were 6 rows of photoreceptor cell 

nuclei in (+)-PTZ-treated female mice versus ~3.5 in non-treated mutants. By 8 months, 

there were no differences in retinal thickness, ONL thickness, IS/OS length, or number of 

rows of photoreceptor cell nuclei between the treated and non-treated groups.

Male and female RhoP23H/+ mice retain OS organization with (+)-PTZ treatment through 6 
months of age.

Sakami et al. previously reported disorganization of the RhoP23H/+ mouse OS discs (Sakami 

et al, 2011). Utilizing EM in P63 RhoP23H/+ mice, instances of perpendicularly-oriented 

discs, elongated discs, and vesicles within the OS disc area were observed. To investigate 

whether Sig1R activation mitigates this disorganization, retinas were evaluated by EM in 

wild type 4 month male and female RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated mice. The 

assessment was made at 4 months because it was the first age at which benefit of Sig1R 

activation was observed in the OMR response and in the OCT measurements of ONL 
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thickness. Wild type retinal OS typically contain stacks of discs (flattened membranes, 

flattened membranous lamellae) that are radially oriented (Patt and Patt, 1969). The spacing 

between discs is generally uniform (Gartner and Hiatt, 2001). As expected, wild type 

retinas had radially-oriented discs stacked upon each other; spacing was uniform (the inner 

segments are also well-organized (Sup. Fig 15).

EM images of the inner and outer segments are shown for male RhoP23H/+ mice (Fig. 

9). Selected areas are highlighted (red insets) and shown as increasing magnifications in 

adjacent panels. EM analysis showed inner segments similar to those of (+)-PTZ treated 

male RhoP23H/+ mice (Fig. 9A, 9D) whereas outer segments were shorter and thinner than 

treated mutants. In many areas, discs were disorganized in the non-treated group (arrows 

Fig. 9C). RhoP23H/+ OS are not tightly stacked compared to wild type and each disc 

does not span the area within the plasma membrane that enshrouds the disc. Instead, the 

discs and are often broken off into vesicles. Indeed, in some places vacuolated areas have 

replaced the disorganized discs. In (+)-PTZ treated male RhoP23H/+ mice, outer segments 

were considerably more abundant than in non-treated mice. They were frequently organized 

as tightly-packed stacks of flattened discs. While vesicles were occasionally observed, they 

were in non-treated mutants. This level of outer segment integrity was observed throughout 

the PTZ-treated retinas.

EM images of the inner and outer segments are shown for female RhoP23H/+ mice in figure 

10. EM analysis showed inner segments that were similar to those of (+)-PTZ treated 

RhoP23H/+ mice (Figs. 10A, 10D) though outer segments were fewer. The female non-treated 

RhoP23H/+ mice had outer segment disorganization, with numerous vesicles replacing well-

organized discs in many regions (Fig. 10C). Regions of disorganization were markedly 

increased in RhoP23H/+ female mutants compared to males. In (+)-PTZ treated females, 

vesicles were occasionally observed, but were less abundant when compared to non-treated 

mutants and few areas of disorganization were observed. Discs were often organized as 

tightly packed stacks of flattened discs (Fig 10F). Note closely packed outer segments are 

observed in female (+)-PTZ treated RhoP23H/+ retina (Fig. 10D), which can be appreciated 

in figures 10E and 10F. This level of outer segment integrity was observed throughout the 

retina.

Discussion

Sig1R is a promising therapeutic target implicated in neuroprotection in neurodegenerative 

diseases (Maurice et al, 1996; Maurice et al, 1998; Wang et al, 2003; Francardo et al, 

2014). Our lab and others previously investigated whether Sig1R affords neuroprotection 

for rapidly-progressing degenerative eye diseases. Here, a more slowly-progressing model 

of RP, the RhoP23H/+ mouse model, was used to test how generalizable Sig1R activation 

is in protecting rod and cone degeneration. The first aim of the current work was to 

comprehensively characterize degeneration in this slowly-progressing, clinically-relevant RP 

model and the second aim was to test the retinal neuroprotective effects of Sig1R activation 

in terms of function as well as structure.
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The comprehensive assessment of retinal function of the RhoP23H/+ mouse compared to 

wild type mice spanned a 10-month period and utilized three assessments: OMR, ERG 

and SD-OCT. Analysis of visual acuity measured as OMR in RhoP23H/+ mice revealed 

a steady decline when compared to wild type mice. Interestingly, the analysis of visual 

acuity, revealed sex differences in this mutant that have not been reported previously. Female 

RhoP23H/+ mice degenerated more rapidly than males, but in both cases the acuity loss was 

gradual. The more pronounced degeneration observed in female RhoP23H/+ mice has not 

been reported in human RHOP23H/+ patients. The slow progressive loss of visual acuity 

observed in RhoP23H/+ mice more faithfully mimics the typical presentation in human 

adRP patients than other P23H models (Dias et al, 2017), underscoring its usefulness 

for therapeutic intervention studies. While this is the first report of assessment of visual 

acuity in RhoP23H/+ mice, it is important to note that OMR has been investigated in 

the RhoP23H/P23H mice previously by Charish and colleagues (Charish et al, 2020). Their 

findings revealed visual acuity in RhoP23H/P23H was less than age-matched rd10 mice.

The second aim of this work was to investigate consequences of Sig1R activation on retinal 

function and structure in RhoP23H/+ model. Significant retention of scotopic and photopic 

ERG data was observed between 6 and 8 months in male and female treated mutant mice. 

This suggests that not only cone photoreceptor cells were preserved in this model when 

Sig1R was activated, but also some rod function was preserved as demonstrated by mixed 

cone and rod responses at high scotopic flash intensities and scotopic a-wave data. This was 

not observed in rd10 mice treated with (+)-PTZ, in which only cones were preserved (Wang 

et al, 2016; Wang et al, 2017). The rd10 mutation is homozygous, thus the cGMP-PDE 

mutation is present in every rod photoreceptor cell and the degeneration occurs within a few 

weeks’ time. In contrast, the RhoP23H/+ mutation affects half of the rod photoreceptor cells 

(RhoP23H/+ versus RhoP23H/P23H). The resulting heterozygous degeneration is slower and 

spans several months. Our findings are important since loss of rod function and subsequently 

cone function is a feature of human adRP. Nevertheless, photoreceptor cell function was 

clearly enhanced with Sig1R activation.

SD-OCT analysis provided important insights into benefits of Sig1R activation in RhoP23H/+ 

mice. In both (+)-PTZ-treated males and females there was a significant increase in the ONL 

thickness through 10 months. Notably, improvements were observed in ventral retina as well 

as dorsal. Thus, Sig1R activation offered pan-retinal protection in this mutant. Although 

robust protection was observed via SD-OCT, histological analysis of the ONL was less 

robust. It is impressive to observe benefit at 6 months, an age significantly beyond the 

benefit observed in rd10 mice. To observe a near doubling of IS/OS length in 6 month 

males is particularly noteworthy as this is the cellular site of rhodopsin synthesis (inner 

segment) and sequestration until phototransduction (outer segment). This may suggest there 

is still a gradual loss of photoreceptor cell number, but the cells that are preserved maintain 

their IS/OS length. Shortening of IS/OS has been observed as a characteristic precursor to 

photoreceptor cell loss (Sakami et al, 2011).

Our light microscopy studies were complemented by EM analyses. Earlier work had 

described disorganization of OS discs in the RhoP23H/+ mutant (Sakami et al, 2011). The 

EM analysis performed for this project focused on this retinal region as well. The analysis 
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of (+)-PTZ-treated RhoP23H/+ mice revealed preservation of disc integrity in males and 

females. To our knowledge, this is the first report that Sig1R activation can preserve disc 

structure in the retina. In the RhoP23H/+ mouse, the mutant rhodopsin is misfolded and does 

not incorporate properly into outer segment discs. The proper integration of rhodopsin is 

integral to OS disc morphology. It is possible that Sig1R activation improves protein folding 

in this model, but this remains to be tested. The entire outer segment disc renewal process 

could be evaluated in this mutant mouse to determine effects of Sig1R activation on this 

critical process.

This work provides evidence that Sig1R activation can delay photoreceptor cell 

degeneration in the RhoP23H/+ mouse and complements earlier studies demonstrating retinal 

neuroprotection in other models (Shimazawa et al, 2015; Wang et al, 2016). The findings 

support Sig1R as a promising target for retinal disease. An important contribution of the 

present study was the comprehensive assessment of retinal function as well as histologic 

evaluation over an extended time period. adRP is a progressive disease and typically spans 

many decades. Hence, it is important to determine the extent of therapeutic benefits. Recent 

studies have reported therapies for the RhoP23H/+ strain (used in this work, i.e. generated by 

the Palczewski laboratory), but none have described results past ~4 months of age (Ortega et 

al, 2022, Lee et al, 2021, Qiu et al, 2019).

There are limitations of the current study, which set the stage for future work. First, this 

project focused on characterization of retinal phenotype and did not investigate mechanisms 

of photoreceptor cell degeneration. Some studies of the RhoP23H/+ mice have investigated 

ER stress and autophagy as mechanisms of the degeneration (Sakami et al, 2011, Yao et al, 

2018). These mechanisms could be investigated in future studies of Sig1R activation in this 

model. In studies of the more severe rd10 mouse model of autosomal recessive RP, Sig1R 

was shown to modulate the key antioxidant protein NRF2 (Wang et al, 2017; Wang et al, 

2019; Wang et al, 2020; Xiao et al, 2020), It is possible that such a mechanism is relevant to 

Sig1R-mediated neuroprotection in the RhoP23H/+ mouse as well. Now that the time course 

of the degeneration and the effects of Sig1R are established, studies could be conducted at 

select ages.

A second limitation of the study is that only one Sig1R agonist was investigated, which was 

(+)-PTZ. It is logical to initiate a study analyzing Sig1R activation using this compound 

because of its high specificity and affinity for Sig1R (Su 1982). It is the prototypical Sig1R 

agonist. It would be worthwhile to assess newer Sig1R ligands. For example, there are 

exciting data from the Levin lab showing the Sig1R ligand, pridopidine, was effective in 

protecting retinal ganglion cells in two rodent models of glaucoma (Geva et al, 2021). 

Additionally, evaluating effects of Sig1R activation on outer segment renewal, shedding and 

phagocytosis in RhoP23H/+ mice could yield important insights into effects of this unique 

molecule on photoreceptor cell biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Retinitis pigmentosa (RP) is a group of inherited retinal degenerative diseases 

that leads to vision loss and blindness.

• While gene therapy and retinal implants are in progress to slow vision loss 

due to RP, there is no current cure or effective therapy.

• The RhoP23H/+ is a clinically relevant model that mimics aspects of human 

adRP making it useful to study therapeutic targets.

• RhoP23H/+ mice displayed sexual dimorphisms in which female visual 

function and structure degenerate more rapidly compared to males.

• Sig1R activation by (+)-PTZ preserved both visual function and retinal 

architecture in the RhoP23H/+ mouse model of autosomal dominant RP.
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Figure 1: Visual acuity in wild type, RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice.
Visual acuity thresholds were measured using the optomotor response and recorded in units 

of cycles per degree (c/d) in wild type and RhoP23H/+ mice using the OptoMotry software 

and apparatus. Data are shown for (A) male RhoP23H/+ mice, (B) ale RhoP23H/+ administered 

(+)-PTZ, (C) female RhoP23H/+ mice, and (D) female RhoP23H/+ mice administered (+)-

PTZ. In all panels (A-D), wild type values are represented by the black dotted line. Data 

were considered significant if the P-value was less than 0.05 (*0.05, **0.01, ***0.001, 

****0.0001).
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Figure 2: Analysis of scotopic responses in male wild type, RhoP23H/+ and RhoP23H/+ + (+)-PTZ 
mice.
Dark adapted (scotopic) assessment of retinal function in male wild type and RhoP23H/+ and 

RhoP23H/+ + (+)-PTZ mice. Quantitative data from b-wave amplitudes for (A) 2 month (B) 

4 month (C) 6 month (D) 8 month (E) 10 month male mice for wild type and RhoP23H/+ 

mice plotted at the six light intensities described in the text. Quantitative data from b-wave 

amplitudes for (F) 2 month (G) 4 month (H) 6 month (I) 8 month (J) 10 month male mice 

for RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice plotted at the six light intensities described in 

the text. Data were considered significant if the P-value was less than 0.05 (*0.05, **0.01, 

***0.001, ****0.0001).
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Figure 3: Analysis of photopic responses in male wild type, RhoP23H/+ and RhoP23H/+ + (+)-PTZ 
mice.
Light adapted (photopic) assessment of retinal function in male wild type and RhoP23H/+ 

mice and RhoP23H/+ + (+)-PTZ. Quantitative data from b-wave amplitudes for (A) 2 month 

(B) 4 month (C) 6 month (D) 8 month (E) 10 month male mice for wild type and RhoP23H/+ 

plotted at the six light intensities described in the text. Quantitative data from b-wave 

amplitudes for (F) 2 month (G) 4 month (H) 6 month (I) 8 month (J) 10 month male mice for 

RhoP23H/+ and RhoP23H/+ + (+)-PTZ plotted at the six light intensities described in the text. 

Data were considered significant if the P-value was less than 0.05 (*0.05, **0.01, ***0.001, 

****0.0001).
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Figure 4: Analysis of scotopic responses in female wild type, RhoP23H/+ and RhoP23H/+ + 
(+)-PTZ mice.
Dark adapted (scotopic) assessment of retinal function in female wild type and RhoP23H/+ 

mice and RhoP23H/+ + (+)-PTZ. Quantitative data from b-wave amplitudes for (A) 2 month 

(B) 4 month (C) 6 month (D) 8 month (E)10 month female mice for wild type and 

RhoP23H/+ plotted at the six light intensities described in the text. Quantitative data from 

b-wave amplitudes for (F) 2 month (G) 4 month (H) 6 month (I) 8 month (J) 10 month 

female mice for RhoP23H/+ and RhoP23H/+ + (+)-PTZ plotted at the six light intensities 

described in the text. Data were considered significant if the P-value was less than 0.05 

(*0.05, **0.01, ***0.001, ****0.0001).
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Figure 5: Analysis of photopic responses in female wild type, RhoP23H/+ and RhoP23H/+ + 
(+)-PTZ mice.
Light adapted (photopic) assessment of retinal function in female wild type and RhoP23H/+ 

mice and RhoP23H/+ + (+)-PTZ. Quantitative data from b-wave amplitudes for (A) 2 month 

(B) 4 month (C) 6 month (D) 8 month (E) 10 month female mice for wild type and 

RhoP23H/+ plotted at the six light intensities described in the text. Quantitative data from 

b-wave amplitudes for (F) 2 month (G) 4 month (H) 6 month (I) 8 month (J) 10 month 

female mice for RhoP23H/+ and RhoP23H/+ + (+)-PTZ plotted at the six light intensities 

described in the text. Data were considered significant if the P-value was less than 0.05 

(*0.05, **0.01, ***0.001, ****0.0001).
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Figure 6: SD-OCT analysis of retinal ONL thickness in male RhoP23H/+ and RhoP23H/+ + 
(+)-PTZ mice.
Male RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated mice were subjected to SD-OCT as 

described in the text. SD-OCT B-scans were obtained and ONL thickness quantified. 

Quantification of the ONL thickness from RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated mice at 

(A) 2 month (B) 4 month (C) 6 month (D) 8 month and (E) 10 month. Data were considered 

significant if the P-value was less than 0.05 (*0.05, **0.01, ***0.001, ****0.0001).
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Figure 7: SD-OCT analysis of retinal ONL thickness in female RhoP23H/+ and RhoP23H/+ + 
(+)-PTZ mice.
Female RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated mice were subjected to SD-OCT as 

described in the text. SD-OCT B-scans were obtained and ONL thickness quantified. 

Quantification of the ONL thickness from RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated mice at 

(A) 2 month (B) 4 month (C) 6 month (D) 8 month and (E) 10 month. Data were considered 

significant if the P-value was less than 0.05 (*0.05, **0.01, ***0.001, ****0.0001).
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Figure 8: Morphometric analysis of male and female wild type, RhoP23H/+, and RhoP23H/+ + 
(+)-PTZ mice
Morphometric analysis was performed on male and female wild type, RhoP23H/+, and 

RhoP23H/+ + (+)-PTZ H&E stained retinal cryosections. (A) Representative images in male 

mice for both the (D) dorsal and (V) ventral retinas. (B-E) Quantification of the TRT, ONL, 

IS/OS thickness, and rows of nuclei in both the dorsal and ventral retina presented at 6 

months in male mice. (F) Representative images in female mice for both the (D) dorsal 

and (V) ventral retinas. (G-J) Quantification of the TRT, ONL, IS/OS thickness, and rows 

of nuclei in both the dorsal and ventral retina presented at 6 months in female mice. TRT: 

Total retinal thickness, ONL: Outer nuclear layer, IS/OS: Inner and outer segment. Data 
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were considered significant if the P-value was less than 0.05 (*0.05, **0.01, ***0.001, 

****0.0001).
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Figure 9: Transmission electron microscopy of male RhoP23H/+ and RhoP23H/+ + (+)-PTZ
Transmission electron microscopy was performed in 4 month old male RhoP23H/+, and 

RhoP23H/+ + (+)-PTZ retinas. Representative images of regions including the IS, OS, and 

RPE are shown. Insets show area of magnification that is visualized in the adjacent panel. 

Arrows: vesicles.
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Figure 10: Transmission electron microscopy of female RhoP23H/+ and RhoP23H/+ + (+)-PTZ 
retinas.
Transmission electron microscopy was performed in 4 month old female RhoP23H/+, and 

RhoP23H/+ + (+)-PTZ retinas. Representative images of regions including the IS, OS, and 

RPE are shown. Insets show area of magnification that is visualized in the adjacent panel. 

Arrows: vesicles.

Barwick et al. Page 27

Exp Eye Res. Author manuscript; available in PMC 2024 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and methods
	Animal Breeding
	Administration of (+)-Pentazocine
	Visual Acuity
	Electrophysiology ERG
	Spectral Domain-Optical Coherence Tomography SD-OCT
	Orientation and processing of tissue for light microscopy
	Morphology
	Electron Microscopy Preparation, Embedding and Visualization
	Statistical Analysis

	Results
	Male and female RhoP23H/+ mice retain visual acuity with (+)-PTZ treatment.
	Male and female RhoP23H/+ mice retain visual function with (+)-PTZ treatment.
	Male and female RhoP23H/+ mice retain ONL thickness with (+)-PTZ treatment through 10 months of age.
	Male and female RhoP23H/+ mice retain photoreceptor cell nuclei number and IS/OS length with (+)-PTZ treatment through 6 months of age.
	Male and female RhoP23H/+ mice retain OS organization with (+)-PTZ treatment through 6 months of age.

	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Figure 8:
	Figure 9:
	Figure 10:

