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ABSTRACT 

SHANNON RENEE BARWICK 

Activation of a molecular chaperone (sigma 1 receptor) in a murine model of 

autosomal dominant retinitis pigmentosa. (Under the direction of DR/ 

SYLVIA SMITH) 

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

leads to visual impairment and eventually complete blindness. Currently no cure or 

treatment exists for RP patients, thus research into prolonging the vision in these patients 

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

appears to have neuroprotective benefits in the retina of fast degenerating mouse models. 

However, it is not clear whether Sig1R activation can provide similar neuroprotective 

benefits in more slowly progressing RP models, which are more similar to human 

patients.  In this study, we examined whether Sig1R activation can be neuroprotective 

(i.e. prolong vision) in a more slowly progressing mouse model of autosomal dominant 

retinitis pigmentosa, RhoP23H/+. Current studies in the field give a brief overview of the 

RhoP23H/+ degeneration, but do not give a complete characterization of disease 

progression.  Aim 1 of this study sought to further characterize the degeneration of the 

RhoP23H/+ mouse using 3 in vivo methods, Optomotor Response (OMR), 

Electrophysiology (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 WT. Visual acuity showed a gradual decline through 10 months.  

Interestingly, visual acuity was still detectible, albeit significantly reduced through 10 



months in both male and female mutant mice. Females appeared to have significantly 

lower visual acuity than males.  These RhoP23H/+ mice showed a gradual decline in 

scotopic and photopic responses. Aims 2 and 3 sought 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 and examined 

using OMR, ERG, SD-OCT.  A significant retention of visual function was observed in 

both males and females at 10 months of age, with treated females retaining ~50% greater 

visual acuity than non-treated mutant females.  Using ERG, significant retention of 

scotopic and photopic b-wave amplitudes were observed at 6 months in both male and 

female mice treated with (+)-PTZ.  Further, in vivo analysis of ONL thickness revealed a 

significant retention in both male and female treated mice. Histological studies using 

retinal cryosections showed significant retention of IS/OS length (~50%), ONL thickness, 

and number of rows of PRC nuclei at 6 months in both male and female (+)-PTZ-treated 

mice.  Interestingly, electron microscopy revealed preservation of OS discs in (+)-PTZ 

treated mutant mice. 

Taken collectively, the in vivo and in vitro data represent the first report of  Sig1R 

activation rescuing visual function and structure in the RhoP23H/+ mouse model. These 

results are promising and lay the framework for future studies to investigate Sig1R as a 

potential therapeutic target in retinal degenerative disease. 

 

KEYWORDS: Retina, Retinitis Pigmentosa, Neuroprotection, Photoreceptors, P23H 

mutation, Sigma 1 Receptor, rhodopsin, mouse.
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INTRODUCTION 

Hypothesis and Specific Aims 

 Hypothesis: activation of Sig1R, in a model of autosomal dominant RP, will 

enhance photoreceptor cell survival and prolong vision. 

Aim 1: Investigate the retinal function and retinal architecture of the RhoP23H/+ 

mouse to establish the natural history of the disease. 

Aim 2: Determine the extent to which activation of Sig1R alters retinal function in 

the RhoP23H/+ mouse model of RP. 

Aim 3: Determine the extent to which activation of Sig1R alters retinal structure in 

the RhoP23H/+ mouse model of RP. 

Blindness exacts a tremendous personal, emotional and financial toll.  It represents an 

urgent need demanding innovative therapeutic strategies. A major cause of untreatable 

blindness is retinal degenerative disease, often due to loss of ganglion or photoreceptor 

cells (PRC). This thesis builds upon compelling evidence regarding a novel target, sigma 

1 receptor (Sig1R), and its potential in attenuating PRC loss characteristic of retinitis 

pigmentosa (RP).  Early investigations of Sig1R-mediated retinal neuroprotection in RP 

have been performed using a mouse model that is quite severe precluding analysis of 

sustained retinal function.  The present work evaluates Sig1R-mediated retinal 

neuroprotection in a model that more closely mimics the human disease.  Prior to 

describing the approach utilized in completing the aims of this study, I will provide a 

brief description of (a) the retina; (b) PRC; (c) retinitis pigmentosa; (d) sigma 1 receptor; 

(e) RhoP23H/+ mouse model of RP. 
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Review of the Literature 

Retina 

The retina is a photosensitive, multilayered tissue that lines the posterior 5/6th of 

the eye. The anterior retina terminates as the epithelium of the ciliary body at the ora  

serrata. In the central retinal region, there is an area called the macula lutea (macula) with 

a central depression, the fovea centralis.  The fovea contains highly packed cone cells and 

is the region of highest visual acuity.  The optic nerve exits the eye at the optic disc and is 

devoid of photosensitive cells.  This region has no light sensitivity and is referred to as 

the blind spot (Fig. 1). Blood supply to the retina is derived from the ophthalmic artery, 

the terminal branch of the internal carotid artery.  The ophthalmic artery gives rise to the 

Figure 1: Anatomy of the eye.  

 

Figure 2: Anatomy of the eye.  

The eye is anatomically divided into the anterior and posterior segments. The anterior segment is 

composed of the cornea, iris, ciliary body, and the lens.  The posterior segment is composed of the sclera, 

choroid, retina, and vitreous humor. Image from: © 2007 Terese Winslow LLC, U.S Govt. has certain 

rights. 
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central retinal artery, which nourishes the inner retina, and the posterior ciliary arteries, 

which provide blood to the outer retina.  Endothelia of intraretinal blood vessels comprise 

the inner blood-retinal barrier (BRB).  The inner BRB is characterized by a series of tight 

junctions, the absence of fenestrations and a paucity of caveolae. The outer BRB is 

comprised of fenestrated endothelium of the choriocapillaris, Bruch’s membrane and the 

retinal pigment epithelium (RPE). (Campbell and Humphries, 2012) The inner retina is 

considered to autoregulate blood flow owing to the aforementioned characteristics of the 

inner BRB, while the outer retina (with its fenestrated vessels) does not autoregulate 

blood flow.   The retina can be divided into two distinct regions (Mark et al, 2003) (1) the 

neuronal retina or inner retina and (2) the sensory retina or outer retina.  These regions 

have distinct cell types, characteristics, and functions.  The neuronal retina is composed 

Figure 3: Cell types and layers of the retina. 

 

Figure 4: Cell types and layers of the retina. 

The retina is composed of 8 layers.  Each layer contains a distinct set of cells. Image adapted from 

Wilkinson-Berka et al, 2004. Webvision, https://webvision.med.utah.edu/. 
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of projection neurons (ganglion cells), interneurons (horizontal, bipolar, and amacrine 

cells), and glial cells (Müller cells, astrocytes and microglia).  The sensory retina is 

composed of PRCs (rods and cones). In addition to the previously mentioned cell types, 

the retina also contains vascular and epithelial components that are organized in layers.  

Starting with the inner retina and working towards the outer retina there are 10 layers: 

internal limiting membrane, nerve fiber layer (NFL), ganglion cell layer (GCL), inner 

plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer 

nuclear layer (ONL), outer limiting membrane, PRC layer (comprised of inner segments 

(IS) and, outer segments (OS) and the retinal pigment epithelium (RPE) (Fig. 2).  

Ganglion cell axons converge to form the NFL and their nuclei are located within 

the GCL.  Synapses of ganglion, amacrine, and bipolar cells are distributed within the 

IPL, while synapses of horizontal and bipolar cells and PRCs are present within the OPL. 

The nuclei of rods and cones are distributed within the ONL and their inner/outer 

segments comprise the ‘PRC layer’ of the retina.  The outer segments interdigitate with 

the apical microvillous processes of the RPE. Each cell type within these layers plays a 

critical role in transmitting visual information to the brain. 

Photoreceptor Cells 

 PRCs are neurons specialized to capture photons of light and convert them to a 

visual image.  PRCs have four organized subcellular compartments: OS, IS, nucleus, and 

synaptic terminal (Fig. 3).  The OS is where photon capture and phototransduction occur.  

It contains photosensitive proteins called opsins that are organized within a membranous 

disk; OS comprise two-thirds of the PRC volume (Worthington, 1971; Liang et al, 2004).  
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Figure 5: Photoreceptor structure.  

 

 

Figure 6: Photoreceptor structure.  

 

There are two types of photoreceptors.  Rod PRCs are used for monochromatic and dim light 

vision. Cone PRCs are used for color vision and high acuity vision.  Photoreceptor cells are divided 

into 4 distinct regions 1. Synaptic terminal where neurotransmitter release occurs. 2. Nucleus. 3. 

Inner segment which houses the protein production machinery such as golgi and ER. 4. Outer 

segment which houses flattened discs composed of light sensitive proteins, rhodopsin or cone 

opsin. Image from Cote RH. Photoreceptor phosphodiesterase (PDE6): a G-protein-activated PDE 

regulating visual excitation in rod and cone photoreceptor cells. In Cyclic nucleotide 

phosphodiesterase in health and disease. 2006 Dec 5 (pp. 165-193). CRC Press. 
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Opsins are produced within the IS and around 2000 molecules are transported to the OS 

every minute (Insinna et al, 2008). Large volumes of endoplasmic reticulum and Golgi 

are contained in the IS to synthesize and transport protein thereby accommodating the 

high metabolic demands of phototransduction occurring in the OS. The nucleus occupies 

its own compartment (ONL). Within the synapse, neurotransmitter release occurs.  There 

are two types of PRCs: rods and cones.  These cells differ in their structure and function.  

Rod PRCs have a cylindrically shaped OS with a length ranging from 25 to 45 μm while 

cone OS are shorter (about half the size of rods) (von Greff, 1900; Hendrickson and 

Drucker, 1992). Rod PRCs are extremely light sensitive and can detect a single photon of 

light under dark-adapted conditions. Rod PRCs are bleached by light preventing their 

function in condition of ambient light.  For these reasons, they are utilized for dim light 

or nighttime vision (Baylor et al, 1979; Hecht et al, 1942).  Cones are specialized for 

vision that occurs under light-adapted conditions.  Owing to cone-specific proteins, 

colors are detected by these cells. Human retinas contain about 120 million rods and 6-7 

million cones.  PRCs undergo daily renewal and shedding of outer segments.  These 

physiological processes allow the OS to maintain a constant length, while replacing 

components that have accumulated photo-oxidative compounds that are toxic.  The 

processes of OS renewal and shedding were first discovered by Young (Young, 1967; 

Bok and Young 1972).  

 The light-sensitive visual pigment contained within rods is rhodopsin and those in 

cones are referred to as cone opsins (L, M and S are the cone opsins in humans).  Opsins 

play a critical role in disk morphogenesis and visual transduction. For the purpose of this 

thesis, I will focus on rhodopsin. Rhodopsin is an approximately 39kD membrane protein 
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composed of an opsin protein covalently bound to its chromophore (11-cis retinal) (Fig. 

4).  Visual transduction is initiated with the absorption of a single photon of light by 

rhodopsin inducing a conformational change (photoisomerization) such that 11-cis retinal 

is isomerized to all-trans retinal.  The isomerization occurs between carbons 11 and 12 of 

trans-retinal (vitamin A) forming metarhodopsin 2. It is now structurally different than 

rhodopsin forming tight bonds with transducin.  This binding favors the displacement of 

guanosine diphosphate (GDP) and replacement with guanosine triphosphate (GTP) on 

Figure 7: Rhodopsin structure and location within rod photoreceptor cells.  

 

 

Rhodopsin is a light sensitive protein found within rod PRCs.  It is a transmembrane protein located 

within the disc membrane of the outer segment.  It contains a molecule of vitamin A that allows it to 

be light sensitive. Image from Kolb H. Webvision, https://webvision.med.utah.edu/. 
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transducin, thereby activating it.  When bound to GTP, transducin has high affinity for 

cGMP and its phosphodiesterase. Binding of transducin and cGMP phosphodiesterase 

also favors the displacement of GDP and replacement with GTP on cyclic guanosine 

monophosphate phosphodiesterase (cGMP) (Fung et al, 1981). The activated 

phosphodiesterase degrades cGMP. A decrease in cGMP concentration inside the cell 

closes cGMP channels on the cell surface blocking sodium influx into the cell (Fig. 5). 

The cell becomes hyperpolarized and glutamate release at the synapse is decreased, 

turning the dark signal off (Yee and Liebman, 1978).  This triggers a signal cascade 

through bipolar cells, and horizontal cells to ganglion cells and amacrine cells.  The 

signal is then passed down the optic nerve to the brain.  Rhodopsin not only plays a 

Figure 8: Phototransduction cascade.  

 

Figure 9: Phototransduction cascade.  

The phototransduction cascade is a multistep mechanism that occurs within the outer segment 

discs.  This process starts with the conformational change of vitamin A induced by a photon of 

light and ends with the degradation of cGMP which closes cGMP channels and allows influx of 

sodium.  This leads to the hyperpolarization of the cell. Image from Hans et al. Chapter Twenty-

Two - Introduction to the Retina, Prog Mol Biol Transl, Academic Press, Volume 134, 2015, Pages 

383-396. 
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critical role in the phototransduction cascade but is essential for maintaining the OS and 

OS disk structure.  When rods lack rhodopsin the OS is not formed (Lem et al, 1999). 

Retinitis Pigmentosa 

 There are many retinal diseases that can lead to visual impairment. Mutations in 

over 330 genes are currently known that cause some form of retinal disease (RetNet, 

https://sph.uth.edu/retnet/).  One retinal degenerative disease that is caused by many 

mutations of several genes is retinitis pigmentosa (RP).  RP is an inherited retinal 

degenerative disease that leads to either the death of rod PRCs (rod/cone dystrophy) or 

the death of cone PRCs (cone/rod dystrophy). Its prevalence worldwide is approximately 

1:4000 (Zhang, 2016). RP can be inherited as autosomal dominant (adRP), autosomal 

recessive (arRP), or X-linked.   Mutations in proteins, which function or are expressed 

primarily in the retina, can lead to typical RP (non-syndromic RP), whereas mutations in 

genes encoding proteins found in a diverse number of cells (and cellular functions) 

outside the eye can result in systemic disease occurrences (syndromic RP). The majority 

of RP cases are autosomal recessive and are often syndromic. Autosomal dominant cases 

comprise the second largest type of inheritance with most mutations occurring in the 

RHO gene and are non-syndromic RP (Mendes et al, 2005).  The least common 

inheritance is X-linked. RP is a degenerative disease that leads typically to the loss of rod 

PRCs initially with subsequent loss of cones (Hamel, 2006). Clinical features of RP 

present most often in early adulthood.  Patients complain of night blindness and 

decreased peripheral vision.  Early cases of RP are often misdiagnosed as a form of night 

blindness (nyctalopia) unless a family member has been previously diagnosed with RP.  

Later stage RP can be identified using a fundus exam that will reveal pigmentary deposits 
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called bone spicules.  These are formed due to death of PRCs. At advanced stages of RP, 

daylight vision becomes impaired and retinal vessel attenuation can be seen (Dias et al, 

2018).  The progression of RP is typically slow but due to the heterogeneous nature of the 

disease it is extremely difficult to predict (van Soest et al, 1999).  Patients with the same 

mutations can have different ages of disease onset as well as progression rates.  This 

makes diagnosing and treating patients with RP challenging but can be aided by the use 

of genetic testing. 

 Currently there is no cure for patients with RP.  Stem cell therapy and gene 

therapy are being explored.  Stem cell therapy can be aimed at replacing dysfunctional 

cells and producing trophic factors.  Stem cells can be derived from many different tissue 

types and are most commonly derived from adult tissues, which are induced into 

pluripotent stem cells (iPSC).  These cells have the ability to differentiate into a select 

number of cell types (Zakrzewski et al 2019).  There are currently two trials by Advanced 

Cell Technology (ACT) using stem cell therapy for Stargardt disease (a juvenile form of 

macular degeneration) and advanced dry age-related macular degeneration (AMD).  

These trials are utilizing subretinal injection of embryonic-derived RPE.  One major 

difficulty of these stem cell trials is that hundreds of thousands of cells must be 

administered to ensure that at least a small percentage are able to evade the immune 

system and settle in the target tissue.  Studies, like those mentioned above, utilized short 

term immune suppressant to help overcome this issue.  Results from both studies indicate 

significant visual improvement in over half of patients enrolled in the studies (Carr et al, 

2013).  Unfortunately, stem cell therapy takes a very long time to develop, test, and 
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receive FDA approval.  There are a number of hurdles to overcome before it can be 

routinely utilized to treat retinal disease (assuming efficacy). 

 Gene therapy aims to target specific gene mutations that cause a patient’s RP by 

introducing genetic material through a vector to compensate or replace a faulty gene 

(Genetics Home Reference).  Non-viral and viral vector-mediated gene delivery are being 

developed.  Dose and patient age are factors that determine successful transduction 

(Allocca et al, 2007; Lebherz et al, 2008; Auricchio et al, 2001; Vandenberghe et al, 

2011).  Due to the nature of vectors, they have very limited ability to diffuse across tissue 

interfaces requiring specific delivery methods.  To result in successful transduction, 

vectors need to come into direct contact with the cell of interest, limiting the 

effectiveness of intravitreal administration for retinal diseases affecting the outer retina. 

Many investigators are using subretinal approaches, which aims to place the vectors 

closer to the target cells in the retina to overcome this limitation.  Currently at the 

Children’s Hospital of Philadelphia, a gene therapy trial for Leber’s congenital amaurosis 

(LCA2) requires removal of the posterior hyaloid or a total posterior vitreous detachment. 

12 of the clinical trial subjects experienced improved retinal and visual function (Maguire 

et al, 2008; Maguire et al 2009).  Gene therapy is also being utilized to treat tumor cells 

in the affected eye of patients with retinoblastoma.  This was successful in 7 patients in a 

clinical trial (Hurwitz et al, 1999; Chevez-Barrios et al, 2005).  Additionally, gene 

therapy is being investigated in patients with advanced neovascular age-related macular 

degeneration.  Anti-angionenic activity was successfully achieved for several months 

(Campochiaro et al, 2005).  Gene therapy is promising but there are several limitations 

that make it a difficult technique to utilize.  First, gene therapy is targeted to correct a 
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single genetic mutation.  Not only are there more than 330 genes implicated in retinal 

diseases, the number of mutations within each of these genes is considerable.  For 

example, in RP, there are currently 25 reported adRP genes and within these genes there 

are more than 1000 mutations.  More mutations are being discovered each year 

diminishing the reality of developing gene therapy for each mutation. Second, not all 

gene targets can be inserted into a vector making some diseases untreatable with this 

method. Third, many retinal diseases progress quickly, and targeted gene therapy 

development may not keep pace with demand. Lastly, PRCs are the primary cell target in 

many diseases and most vectors do not target PRCs well.  Although there is ongoing 

research to overcome these impairments such as the use of CRISPR to inactivate a rod-

specific transcription factor and alter cell fate (Yu et al. 2017) and reduced production of 

mutant P23H rhodopsin in the P23H mouse model (Latella et al, 2016) the end goal for 

gene therapy may only be targetable to a select group of patients and diseases. CRISPR 

also has limitations in that it cannot target post-mitotic cells, of which the retina is mostly 

composed, thus it is utilized to inactivate target alleles.  These challenges are the 

underpinning of investigations of therapeutic strategies to address underlying 

pathological mechanisms, which induce cell death such as endoplasmic reticulum (ER) 

stress and oxidative stress. 

ER and Oxidative Stress 

The ER is a continuous membrane system involved in synthesis, folding, 

modification and transport of cellular proteins.  ER stress occurs when there is an 

imbalance of cellular demand and ER capacity.  This arises when too many polypeptide 

chains are being produced and not enough machinery is available to properly fold them. 
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As a result, the ER stress response or the unfolded protein response (UPR) is triggered 

(Malhotra and Kaufman, 2007; Yoshida, 2007; Ni and Lee, 2007).  Proteins have one of 

five fates when being produced inside of the ER: (1) the protein is properly folded and 

exits the ER, (2) the translation of the protein is temporarily halted preventing unfolded 

protein accumulation, (3)  BiP/GRP78 dissociates and the ATF6 pathway is triggered to 

increase protein folding, (4) BiP/GRP78 dissociates and the Ire1 pathway is triggered to 

signal the ERAD pathway to degrade unfolded proteins, (5) BiP/GRP78 dissociates and 

the PERK pathway is triggered to stop protein translation.  If the UPR fails and protein 

aggregates persist the cell will begin the process of apoptosis.  ER stress has been 

implicated in several retinal degenerative diseases.  In recent studies utilizing a common 

model of adRP that causes misfolding of rhodopsin, due to a proline to histidine mutation 

at position 23, retention of the misfolded protein is seen in the ER (Lin et al, 2007; 

Gorbatyuk et al, 2010).  Research is ongoing to understand the ER stress response in 

retinal disease and to find suitable targets for therapies. 

Oxidative stress occurs in all cells and when properly balanced provides crucial 

information to aid in cell signaling and survival. In retinal disease, specifically RP, the 

balance of oxidants and antioxidants is disrupted by degeneration of PRCs.  PRCs are 

energy-demanding cells, which utilize oxygen heavily.  Due to this high need, oxygen is 

readily available at high concentrations through the choroidal blood flow.  The choroid 

has the ability to meet this need because it does not autoregulate due to local oxygen 

levels (Yu et al, 2000; Yu et al, 2004; Padnick-Silver et al, 2006).  If there is a mutation 

causing rod PRC death, there is a concomitant decrease in need for oxygen, however the 

oxygen levels remain high, leading to an increase in production of reactive oxygen 
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species (Carmody et al, 1999).  Many studies reported that increased oxidative stress 

leads to cone PRC programmed cell death following rod PRC death (Chang et al, 1993; 

Tso et al, 1994; Carmody et al, 2000; Donovan and Cotter, 2002; Doonan et al, 2003; 

Kunchithapautham and Rohrer, 2007).  Other studies found that oxidative defense 

mechanisms are down-regulated in some retinal degeneration models such as the rd1 

mouse, further exacerbating oxidative stress (Ahuja et al, 2005; Ahuja-Jensen et al, 

2007).  Cones appear to be sensitive to oxygen levels in multiple models of RP (Shen et 

al, 2005; Komeima et al, 2006; Komeima et al, 2007).  Treatment of mouse models of RP 

with antioxidants led to decreased markers of oxidative damage in cones, increased cone 

cell survival, and preserved cone function suggesting oxidative stress plays a major role 

in cone cell death regardless of the mechanism that leads to rod PRC death (Usui et al, 

2009).  Targeting molecules that can modulate ER and oxidative stress may offer novel 

therapeutic strategies for retinal disease. 

Sigma 1 Receptor 

A target that appears promising for retinal disease therapy is a unique protein that 

has neuroprotective benefits called sigma 1 receptor (Sig1R). In 1976 Martin et al 

discovered what was believed to be a new class of opioid receptors and named it Sig1R 

for its specific binding of SKF-10047 (Martin et al, 1976).  In the years to follow, Su and 

colleagues determined that Sig1R was not an opioid receptor by testing the ability of 

opioid drugs to displace the known Sig1R antagonist, SKF-10047. Multiple morphine-

like drugs had poor inhibition of the binding site (Su, 1982).  Indeed, Sig1R is a unique 

transmembrane protein with no homology to any other mammalian protein. Due in part to 

the cloning of Sig1R and the discovery of its crystal structure, our ability to understand 
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this enigmatic protein has been accelerated (Hanner et al, 1996; Kekuda et al, 1996; Seth 

et al, 1996; Jbilo et al, 1997; Seth et al, 1997). Sig1R’s structure consists of 5 alpha 

helices, 1 transmembrane domain and 10 beta strands (Fig. 6A).  This creates a long 

tube/cone like binding pocket that is highly hydrophobic (Schmidt et al, 2016). The 

endogenous ligand that binds this hydrophobic pocket is still not known. Sig1R is known 

to bind steroids and recent studies by Brailoiu et al suggest that choline may be a possible 

endogenous ligand (Brailoiu et al, 2019).  Earlier studies by Su et al in 1982 established 

that Sig1R has high affinity for (+)-benzomorphans including (+)-pentazocine ((+)-PTZ), 

(+)-cyclazocine and dextrallorphan, but not for authentic opiates (Su, 1982) (Fig. 6B).   

These high-affinity compounds, especially (+)-PTZ, have significantly advanced the 

field. 

Sig1R is expressed in every tissue type analyzed to date including brain, heart, 

liver, kidney, spleen, reproductive organs, and the eye (Novakova et al, 1995; Seth et al, 

Figure 10: Sig1R crystal structure and (+)-PTZ chemical structure.   

(A) Sig1R crystal structure and  the chemical structure of the high affinity ligand (+)-Pentazocine. 

Image adapted from Schmidt et al. Crystal structure of the human σ1 receptor. Nature. 2016 Apr 

28;532(7600):527-30 and Smith et al. Sigma 1 receptor: A novel therapeutic target in retinal 

disease. Prog Retin Eye Res. 2018 Nov;67:130-149. 
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1998; Hellewell et al, 1994; Wolfe et al, 1997; Matsuno et al, 1993).  Senda and 

colleagues were the first to demonstrate the presence of Sig1R in the retina by 

investigating the antagonistic effect of several drugs that were reported to only bind 

Sig1R with high affinity.  They reported neuroprotective benefit in retinal neuronal cells 

under glutamate-induced neurotoxicity (Senda et al, 1998).  The molecular identity of 

Sig1R was demonstrated in retina by the Smith lab using in situ hybridization and 

immunohistochemistry (Ola et al, 2001).  Sig1R retinal location was confirmed using 

radiolabeled pharmacological approaches in rat and rabbit eyes (Wang et al, 2002).  

These results set the stage for investigation of the consequences in retina when Sig1R 

was lacking (e.g. Sig1R-/- mice) which were developed in the Zorrilla lab.  Mice were 

created using gene targeting (Oprs1Gt(IRESBetageo)33Lex /Oprs1Gt(IRESBetageo)33Lex) methods 

(Sabino et al, 2009).   These mice did not manifest early retinal changes emphasizing that 

Sig1R is not essential for retinal development.  Nevertheless, at 12 months a mild late-

onset retinal degeneration ensued in Sig1R-/- mice, characterized by loss of ganglion 

cells, and decreased electroretinogram (ERG) b-wave and negative scotopic threshold 

responses suggesting that Sig1R may play a role in long term retinal health (Ha et al, 

2011). 

Sig1R: Neurodegenerative Disease in Brain 

Sig1R mediated neuroprotection has been investigated in many models of 

neurodegeneration including Alzheimer’s (AD), stroke, Parkinson’s disease, and 

amyotrophic lateral sclerosis (ALS).  Studies in AD mouse models have shown improved 

learning and alleviation of learning impairments upon administration of a Sig1R agonist 

(Maurice et al, 1996; Maurice et al, 1998; Wang et al, 2003).  Sig1R agonists had 



17 

 

neuroprotective benefits in a pharmacological model of AD (Meunieir et al, 2006; Villard 

et al, 2011; Antonini et al, 2011; Yang et al, 2012; Su et al, 2010). In rat models of 

stroke, activation of Sig1R improved neuronal survival and function (Ajmo et al, 2006; 

Katnik et al, 2014; Ruscher et al, 2011). Improvement of spontaneous forelimb use was 

observed in a Parkinson’s disease mouse model after 5 weeks of injection with a Sig1R 

activator (Francardo et al, 2014). Sig1R has been implicated in improved spinal motor 

neuron function and survival as well as improved locomotor performance in mouse 

models of ALS (Mancuso et al, 2012).  These studies used a variety of Sig1R agonists 

including most commonly (+)-PTZ, SA4503, PRE-084, and SKF-10047. 

Sig1R: Studies in Retinal Ganglion Cells 

Studies of Sig1R mediated neuroprotection have been performed in many different 

retinal cell types.  One of the first studies performed in the retina was by Senda and 

colleagues investigating whether administration of a Sig1R agonist could protect fetal rat 

retinal neurons (mixed culture) against excitotoxcicity, and showed that activation with 

both (+)-PTZ and SA4503(1-(3,4-dimethoxyphenethyl)-4-(3-phenylpropyl)-piperazine 

dihydrochloride)(cutamesine) reduced neuronal toxicity in a dose-dependent manner 

(Senda et al, 1998).  Sig1R activation was also protective against excitotoxcicity in a retinal 

ganglion cell (RGC) line (Martin et al, 2004). Later studies by the Smith lab confirmed that 

Sig1R activation was protective against excitotoxcicity in primary mouse retinal ganglion 

cells (Dun et al, 2007).  Sig1R has also been investigated in several models of retinal 

disease that are characterized by changes in retinal ganglion cells. The Smith lab has 

investigated the role of Sig1R-mediated neuroprotection in two models of diabetic 

retinopathy: a streptozotocin-induced model (Ola et al, 2002) and the Ins2Akita/+ mouse 
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(Smith et al, 2008). They found that Sig1R expression in the diabetic models was similar 

to control throughout the retina making it a target for neuroprotection.  Further 

investigation using the high affinity Sig1R ligand (+)-PTZ demonstrated increased 

ganglion cell number, decreased cell death, and improved retinal architecture in treated 

diabetic mice compared to age-matched, non-treated mice (Smith et al, 2008).  Sig1R 

receptor-mediated neuroprotection in glaucoma, a disease characterized by ganglion cell 

loss, is also being explored in multiple labs (Fry et al, 2018; Mysona et al, 2017). Recently 

studies performed in the Levin lab using a promising new Sig1R activator, pridopidine, 

showed robust neuroprotective benefits in two models of glaucoma (Geva et al, 2021). 

Sig1R: Studies in Retinal Photoreceptor Cells 

Sig1R-mediated neuroprotection was observed in models of ganglion cell death 

and neurodegenerative diseases of the brain which led to the question: Does Sig1R-

mediated protection have a potential role in other retinal diseases? The first published 

report addressing this question was from Hara’s group.  They administered SA4503, a 

Sig1R ligand, intravitreally in WT mice 1h prior to inducing PRC death with intense light 

exposure. They reported improved dark-adapted ERGs and decreased PRC loss in 

SA4503-treated v. non-treated mice (Shimazawa et al, 2015). Sig1R-mediated retinal 

protection has been investigated in genetic models of PRC degeneration.  The Smith 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-
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phosphodiesterase gene (Chang et al, 2002; Chang et al, 2007).  The rd10 mouse has a 

rapid PRC degeneration that starts with rod PRC loss at post-natal day 18 (P18), and is 

nearly complete by P25. Cone PRC death follows.  By P35 most cones are lost, and inner 

retinal cell loss ensues (Gargini et al, 2007). The Smith lab found that by 3 weeks of age 

rd10 mice had approximately four rows of PRCs.  By 6 weeks of age mice had only a 

single row of PRCs.  By 8 weeks of age mice had only a few PRCs present (Wang et al, 

2016) (Fig. 7).  Upon treatment with (+)-PTZ, mice showed improved photopic (cone) 

ERGs.  Utilizing a pseudorandom luminance noise test containing power at low temporal 

frequencies, providing a slower stimulus more like natural vision (Saul and Still, 2016), 

Figure 11: WT and Pde6brd10/J (rd10) mouse retinal structure at 3, 6, and 8 weeks of 

Micrographs of H&E stained retinal cryosections of WT mice at 8 weeks of age are shown on the far 

left to display normal retinal architecture with around 12 rows of PRC nuclei s indicated by the first 

red arrow. Rd10 retinas at three weeks of age have 3-4 rows of PRC nuclei as indicated by the second 

red arrow. By six weeks rd10 retinas have only a single row of PRC nuclei as indicated by the third 

red arrow.  At eight weeks the rd10 mouse has very few PRC nuclei as indicated by the fourth arrow. 

NFL: Nerve fiber layer, GCL: Retinal ganglion cell layer, IPL: Inner plexiform layer, INL: Inner 

nuclear layer, OPL: Outer plexiform layer, ONL: Outer nuclear layer, IS: Inner segment, OS: Outer 

segment, RPE: Retinal pigment epithelium. 
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there were improved ERG responses in (+)-PTZ-treated rd10 mice that were similar to 

WT mice (Wang et al, 2016) (Fig. 8). Retention of PRCs was also observed in mutant 

mice that had been administered (+)-PTZ (Fig. 9).  Later investigation by the Smith lab 

determined cone PRCs specifically were being preserved (Wang et al, 2016).  To confirm 

that cone PRC protection was directly related to Sig1R activation, the Smith lab produced 

rd10 mice lacking Sig1R (rd10/Sig1R-/-).  These mice were treated with/without (+)-PTZ.  

After (+)-PTZ administration, the rd10/Sig1R-/- mice showed no improvement in photopic 

ERG and no cone preservation suggesting Sig1R is required for (+)-PTZ-mediated cone 

Figure 12: Photopic ERG responses are significantly improved in (+)-PTZ treated rd10 mice. 

 
Cone function was analyzed in Rd10 mice using photopic ERG and pseudorandom luminance 

noise test. (A-C) Representative photopic tracing for WT, rd10, and rd10 mice treated with (+)-

PTZ. (D-E) (+)-PTZ showed remarkably improved photopic b-wave amplitudes, double that of 

none treated.  (F) Interestingly, rd10 mice treated with (+)-PTZ treated under the pseudorandom 

luminance noise conditions showed significant retention of amplitudes comparable to WT 

values. Image from Smith et al. Sigma 1 receptor: A novel therapeutic target in retinal disease. 

Prog Retin Eye Res. 2018 Nov;67:130-149. 
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rescue (Wang et al, 2016). The Smith lab demonstrated that rd10/Sig1R-/- mice had 

accelerated PRC loss compared to rd10 mice that expressed Sig1R (rd10/Sig1R+/+).  

Their work utilized photopic ERG, optical coherence tomography (OCT), and retinal 

structural analysis (Wang et al, 2017). The Guo lab also investigated lack of Sig1R on 

rd10 mice (reared in dim light to reduce rapid PRC loss) and found that rd10/Sig1R-/- 

mice had a retinal phenotype that was worse than rd10/Sig1R+/+ mice. Additionally, they 

found increased levels of cleaved caspase3 (a marker of apoptosis), increased autophagy 

and ER stress markers, and increased levels of LC3II and CHOP in mice lacking Sig1R 

Figure 13: Retinal histological structure of rd10 mouse treated with/without (+)-PTZ.  

 

Figure 14: TEM of WT and Pde6brd10/J photoreceptors in mice at P35.Figure 15: Retinal 

histological structure of rd10 mouse treated with/without (+)-PTZ.  

Rd10 mice were treated with/without (+)-PTZ and retinal architecture was evaluated using H&E 

stained sections from P42 age mice.  WT mice showed normal architecture and layers of the retina 

are labeled on the left.  Non-treated rd10 mice had very few PRCs (arrows) present.  A significant 

retinal separation is also observed.  In rd10 mice treated with (+)-PTZ show preservation of ~2 

rows of PRCs.  It is also important to note no retinal separations were observed in treated mice.  

Image from Smith et al. Sigma 1 receptor: A novel therapeutic target in retinal disease. Prog Retin 

Eye Res. 2018 Nov;67:130-149. 
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(Yang et al, 2017). The Smith lab also found increased ER stress markers in rd10/Sig1R-/- 

mice (Wang et al, 2017).  Cumulatively, these results suggest that Sig1R is a modulator 

of stress in the retina. 

Sig1R: A Ligand-operated Molecular Chaperone 

Sig1R associates with over 50 different proteins (Schmidt and Kruse, 2019). 

Investigations of proteins that interact with Sig1R have enhanced our understanding of  

Sig1R function and its neuroprotective properties.  One of the first investigations of 

proteins associating with Sig1R was performed by Hayshi and Su. They found that Sig1R 

associated with ankyrin B and IP3R3 and that Sig1R activation could dissociate ankyrin 

B from IP3R3 (Hayashi and Su, 2001).  Further investigations by this group found that 

use of (+)-PTZ to activate Sig1R could elicit calcium signaling (Hayashi and Su, 2003).  

Evidence of Sig1R’s role in calcium signaling was further confirmed when members of 

the Yorio lab found Sig1R associated with L-type voltage-gated calcium channels 

(Tchedre and Yorio, 2008; Mueller et al, 2013).  A landmark study defining the role of 

Sig1R as a “ligand-operated” molecular chaperone was published in Cell by Hayashi and 

Su (Hayashi and Su, 2007).  The investigators showed that Sig1R was typically at the 

ER-mitochondrial associated membrane, but if calcium was depleted (or if the ligand was 

stimulated), Sig1R dissociated from the master regulator of ER stress (BiP/GRP78).  

They showed that Sig1R can translocate under cellular stress.  Their work was important 

in identifying Sig1R as a modulator of cellular stress.  Later studies in the Su lab showed 

that Sig1R appeared to chaperone IRE1, an ER stress sensor, to signal cell survival (Mori 

et al, 2013).  Since then, few studies have been conducted to verify the precise role of 

Sig1R as a molecular chaperone, but the studies catapulted Sig1R as a key player in the 
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field of neuroprotection. Further investigation of Sig1R’s role as a modulator of oxidative 

stress has been conducted by the Smith group.  They analyzed Sig1R-BiP/GRP78 binding 

in a retinal cell line induced/not induced with an oxidative stressor.  Sig1R-BiP/GRP78 

binding increased after 6 h and 18 h of oxidative stress.  With addition of (+)-PTZ, levels 

of Sig1R-Bip binding returned to normal (Ha et al, 2011; Wang et al, 2015).   

Sig1R: Role in Oxidative Stress 

Oxidative stress is implicated in the etiology of retinal disease.  The Smith lab 

investigated the retinal transcriptome of Sig1R-/- mice and found 76 genes that were 

altered including several genes involved in oxidative stress (BiP/GRP78, Atf6, Atf4, 

Ire1α). These are commonly altered in retinal diseases (Ha et al, 2014). The Smith lab 

investigated the oxidative stress response in primary Müller cells harvested from Sig1R-/- 

mice.  Under normal conditions, basal reactive oxygen species levels were increased in 

Sig1R-/-  cells compared to wild type as were expression levels of genes associated with 

oxidative protection including superoxide dismutase (SOD1), catalase (CAT), NQO1, 

heme oxygenase-1 (HMOX1), glutathione-S-transferase (GST), and glutathione 

peroxidases (GPX1)  (Wang et al, 2015).  This suggested that Sig1R plays a role in 

oxidative stress response in Müller cells. These genes have in common that their 

expression is regulated by nuclear factor erythroid 2-related factor 2 (NRF2).  NRF2 is 

considered a “master regulator” of the antioxidant response (Sporn and Liby, 2012; 

Gorrini et al, 2013). Under normal, non-stressed conditions NRF2 is retained in the 

cytoplasm by kelch-like ECH-associated protein 1 (KEAP1) while excess NRF2 is 

degraded by the proteasome.  Under stressed conditions, KEAP1 releases NRF2, which 

translocates to the nucleus to activate antioxidant response elements (AREs) found in a 
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number of antioxidant genes. NRF2 activation of ARE decreased in Sig1R-/- Müller cells 

(Wang et al, 2015). Sig1R has also previously been found to localize to the nuclear 

membrane suggesting Sig1R may play a role in modulating nuclear activities (Jiang et al, 

2006; Mavlyutov et al, 2015; Yang et al, 2017).  Further studies by the Smith lab 

knocked out NRF2 in 661W cells, a cone PRC cell line, and found the robust cone PRC 

protection, previously observed upon Sig1R activation, was not as prominent.  This 

finding suggested NRF2 is required for Sig1R-mediated cone rescue (Wang et al, 2019). 

Further, using multiple co-localization methods (CoIP, Proximity ligation assay, and 

Immuno-EM) suggest that Sig1R and NRF2 directly interact with one another (Barwick 

et al, 2021). These results and others suggest Sig1R plays a role in modulating NRF2 

transcriptional activity (Wang et al, 2016; 2015; 2019).  

Treatment with (+)-PTZ maintained some visual acuity in the rd10 mice through 

P56, retinal thickness (visualized through OCT), and cone PRC responses were still 

detectible through P120 (Wang et al, 2019).  Recent work suggests that NRF2 is essential 

but may not be sufficient, to explain Sig1R-mediated retinal protection (Xiao et al, 2020).  

As mentioned previously, PRCs are vulnerable in many retinal diseases and hence 

enhancing their survival is a key goal of retinal disease therapies.  Sig1R provides 

protection to PRCs, specifically cones (Wang et al, 2016).  The rd10 mouse has provided 

compelling evidence that activation of Sig1R is potentially therapeutic, however the 

degenerative process is quite rapid in this model.  Indeed, it has a ‘catastrophic’ retinal 

degeneration.  Thus, there are gaps in our understanding of Sig1R-mediated PRC 

protection. To better understand the mechanisms of Sig1R neuroprotection requires 

longer term analysis of PRC structure and function.  Such studies are not possible in the 



25 

 

rd10 mouse.  Our recent preliminary EM studies of the retinas of WT versus rd10 mice 

(P35) illustrate this (Fig. 10). At the ultrastructure level the wild type inner and outer 

segments are well organized whereas the rd10 retina has PRC nuclei that are crenated and 

shrunken. The inner segments are distorted and fragmented. It is not possible to visualize 

cellular organelles in this region.  The outer segments are not present.  Thus, analysis of 

the consequences on the cellular structure of (+)-PTZ treatment in this mutant is 

hampered by its rapidly progressing degeneration.   These observations prompted the 

current study to explore the role of Sig1R-mediated retinal neuroprotection in a model 

with a more slowly progressing disease and one that more faithfully recapitulates RP in 

humans.   

Figure 16: TEM of WT and Pde6brd10/J photoreceptors in mice at P35. 

 

Figure 17: TEM of WT and Pde6brd10/J photoreceptors in mice at P35. 

Transmission-electron microscopy was performed on P35 WT and rd10 retinas.  Images were 

captured encompassing the ONL, IS/OS, and RPE.  In the WT image, PRC nuclei can be observed at 

the top of the image followed by the IS.  The darkly stained column like structures are the OS.  The 

discs within can be clearly distinguished.  The RPE can then be observed.  It is important to note the 

extremely organized nature of the WT retina.  The rd10 mouse has disorganized ONL and IS layers.  

There is no OS present. 
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Mouse Models of Rho-P23H Mutation 

As stated earlier, RP is an inherited retinal degenerative disease that begins with 

the loss of rod PRCs and subsequent loss of cone PRCs.  There are currently very limited 

treatments and no cure. A number of attempts to recapitulate the human RHO-P23H 

phenotype, which is the most common mutation causing adRP, have been conducted in 

mice (Olsson et at. 1992; Naash et al. 1993; Price et al. 2011; Sakami et al. 2011). Table 

1 summarizes the generation and phenotypical presentation of these various models and  

 

for clarity of writing we refer to the models by the first authors’ last name.  These models 

have proven useful to study mechanisms of adRP.   Common methods for creating these 

mouse models include transgene and knock-in technologies.  The transgene method 

randomly incorporates the gene of interest into the host genome.  In contrast, knock-in 

methods specifically target the gene of interest to a specific locus of the target genome. 

Model Type Phenotype Model creation 

method 

Olsson, 

1992 

Human 

Transgenic 

Slow degenerative phenotype, variable, 

transgene expression, irregular 

pigmentation 

Mutant allele from 

patient cloned, 

injected into 

mouse embryos. 

Naash, 

1993 

Mouse 

Transgenic 

Slow degenerative phenotype, variable, 

transgene expression, no pigmentary 

changes 

Oligonucleotide-

directed 

mutagenesis of 

murine opsin gene 

Price, 

2011 

Human 

Knock-in 

Slow degenerative phenotype, 

mislocalized protein 

Targeting vector 

incorporated using 

site-directed 

mutagenesis.  

Sakami, 

2011 

Mouse 

Knock-in  

Slow degenerative phenotype, closely 

mimics human disease 

Targeting vector 

injected into 

mouse blastocyst 

Table 1: Rhodopsin P23H Mouse Models of adRP.  Adapted from Barwick et al, in press. 

 

Adapted from Barwick et al, in press. 
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Each of these genetic alteration strategies has advantages and disadvantages that are 

discussed below. 

A groundbreaking discovery by the Berson lab occurred when the first genetic 

mutation directly linked to adRP, RHO-P23H was reported (Dryja et al. 1990). Following 

this discovery, many labs sought to study this new mutation. One of the first labs to do so 

created a humanized RHO-P23H model (the Olsson model) utilizing a mutant allele 

isolated from a patient known to have adRP (Olsson et al. 1992).  This model presented 

with attenuated retinal vasculature, normal inner retina, and decreased 

electrophysiological responses similar to human, but did show irregular pigmentary 

deposition.  Another feature observed was mislocalization of rhodopsin within the rod 

PRCs leading to retinal degeneration only when misfolded protein levels were high 

(Olsson et al. 1992).   Concurrently, Dr. Muna Naash and colleagues created a mouse 

transgene model utilizing oligonucleotide directed mutagenesis containing three point 

mutations, including Proline-23-Histodine (P23H), in exon 1 of the germ line mouse 

opsin gene (the Naash model).  The Naash model presented with gradually declining a/b-

wave amplitudes of the scotopic ERG.  It also appeared that the rod PRC death proceeded 

cone death, much like the human disease (Naash et al. 1993).  Interestingly, the RPE did 

not show any pigmentary deposition, which is a hallmark of human RP. The Naash model 

expressed the normal and mutant rhodopsin in relatively equal quantities but misfolded 

mutant rhodopsin was mislocalized to the OPL and outer segments (Naash et al. 1993).  

The lack of pigmentary deposits and the variable expression of normal and mutant 

rhodopsin were considered limitations of the Olsson and Naash transgene models. To aid 

understanding and study of the misfolded P23H rhodopsin, Dr. Brandee Price and 
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colleagues created a humanized knock-in mouse model containing a Rho-P23H-

rhodopsin-GFP using site-directed mutagenesis (the Price model).  The Price model not 

only allowed for tracking of the P23H-rhodopsin but also utilized knock-in techniques.  

By so doing, the investigators were able to directly target the mutant gene to the location 

of interest allowing for the production of a slow degenerative phenotype without the need 

for multiple transgene insertions (can result in variability in copy numbers leading to 

epigenetic modifications and silencing of the transgene).  This decreased the variability 

of normal and mutant rhodopsin expression (Price et al, 2011).  These three models were 

groundbreaking for the study of retinal degenerative mechanisms in adRP, however they 

still did not fully recapitulate human disease. 

The advent of optical coherence tomography (OCT), which allows in situ 

visualization of retinal structure in human patients (as well as animal models), paved the 

way for optimizing a mouse model that more closely reflects human retinal structure 

under disease conditions.  To better understand how the P23H mutation of rhodopsin 

presents in human patients, Dr. Sanae Sakami and colleagues from Dr. Krzysztof 

Palczewski’s laboratory analyzed a cohort of 19 human adRP patients with the RHO-

P23H mutation. The patients were subjected to scotopic and photopic ERG analysis and 

retinal cross-sectional imaging using OCT.   Rod ERGs were abnormally reduced in all 

patients, whereas cone responses varied.  Importantly, the in situ assessment of retinal 

structure showed greater retinal alteration in the inferior retina compared to the superior 

retina (Sakami et al. 2011). Utilizing this new information Sakami and co-workers 

created a knock-in Rho-P23H mouse model (the Sakami model) to improve upon the 

previous knock-in model created by Price and colleagues. Sakami and colleagues 
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transfected embryonic stem cells with a targeting vector containing the mouse opsin gene 

with the P23H mutation and microinjected the appropriate recombinant clone into a 

blastocyst. The Sakami mouse model demonstrates a slow progressive retinal 

degeneration in which half of the rods die before cone death is detected. In addition, a 

gradual shortening and disorganization of outer segments precedes rod PRC death in this 

model.  A notable feature of the Sakami 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. Other features of the Sakami 

RhoP23H/+ mouse model are that the scotopic ERG amplitudes decline slowly followed by 

gradual decline in the photopic ERG. WT and mutant rhodopsin protein production are 

equivalent. Interestingly, it does not appear that rhodopsin is mislocalized, which is 

present in other Rho-P23H mouse models (Olsson et al. 1992; Price et al. 2011). In 

aggregate, the aforementioned similarities of the humanized mouse model created in the 

Palczewski laboratory to human adRP patients makes this mutant mouse model a 

particularly attractive tool for investigating mechanisms of disease and interventional 

strategies. This is the basis of the present work for investigating Sig1R activation in this 

model. Despite the value of this model as a powerful scientific tool, the number of mice 

evaluated in the Sakami 2011 study was quite small and only a few ages were tested. 

Only ERG was assessed (n=15). No other functional tests were performed.  Thus, prior to 

evaluating Sig1R activation, the need of a clearer understanding of the natural history of 

the degeneration prompted the studies undertaken for aim 1. 
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Pathogenic Mechanisms Studied using the Rho-P23H Mouse Models 

While the long-term goal of many studies of mouse models of retinal disease is to 

develop successful treatment strategies, the mechanisms underlying loss of PRCs must be 

understood if those strategies are to move from the bench to the clinic.  Regarding the 

RHO-P23H mutation, several mechanisms have been investigated as underlying the 

degeneration of PRCs.  It is known that if misfolded proteins are not properly degraded 

they can be retained within the ER which can lead to ER stress and activation of the UPR.  

The Palczewski group has reported incomplete glycosylation of rhodopsin in the Sakami 

model, which led to retention of protein within the ER.  Further investigation, however 

indicated that reduced glycosylation was detected only in small quantities, suggesting 

protein is rapidly targeted for degradation differing from previous results suggesting 

misfolded protein is retained within the ER and induces ER stress (Sakami et al. 2011).  

The Sakami mouse model was later crossed with an ER stress-activated indicator and 

robust signal was observed within rod PRCs (Chiang et al. 2015).  Subsequent research 

performed in various Rho-P23H mouse models suggests ER stress and UPR activation 

may play a role in activation of cell death pathways but this may not be the whole story.  

Comitato and co-workers found that calpain activation (characteristic of the apoptotic 

pathway of cell death) may be contributing more to induction of cell death than ER-stress 

induced UPR, more so in the Olsson model than the Sakami model, suggesting activation 

of ER-stress alone may not be sufficient to induce cell death (Comitato et al. 2019).  Due 

to the key role ER stress and proper protein folding play in the progression of retinal 

degeneration, several labs have investigated inducing misfolded protein clearance (or 

protein folding assistance mechanisms) to attenuate retinal degeneration.  The Chen 
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laboratory treated the Sakami mouse model with methotrexate to pharmacologically clear 

misfolded rhodopsin and observed improved protein degradation.   Chemical chaperones 

such as vitamin A, 4 –phenylbutyrate, and curcumin have also been utilized to improve 

rhodopsin folding and transport.  Importantly, functional improvement was detected by 

ERG in some of these therapeutic strategies (Liu et al. 2020). Autophagy and altered 

proteasome activity have been proposed as endogenous mechanisms that clear misfolded 

proteins and reduce PRC death. The Sakami model is known to have increased autophagy 

(Yao et al. 2019). This led several labs to investigate whether decreasing autophagy 

improves proteosomal activity and restores their balance within the cell thereby 

improving retinal structure and function (Qiu et al. 2019; Lobanova et al. 2018).  This 

research suggests misfolding and degradation of proteins may play a major role in retinal 

disease progression and could pose a promising therapeutic target. Other labs are 

investigating therapeutic intervention by genetically modulating the immune system 

(Aguilà et al. 2020) in addition to direct modification of the Rho-P23H mutation to re-

establish the original genetic sequence (Mao et al. 2011).  These studies show promising 

improvements in retinal structure and function and are another encouraging avenue of 

research for treatment of IRDs. 

Previous work in our lab utilized a severe model of RP (rd10) that was beneficial 

for proof of concept analysis but was too rapid to study long-term consequences of Sig1R 

activation.  A mouse model was needed to evaluate comprehensively the potential of 

Sig1R activation as a therapeutic strategy for RP. The knock-in RhoP23H/+ mouse model 

created by the Palczewski group offers the ideal model to perform this comprehensive 

assessment. 
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MATERIALS AND METHODS 

Animal Breeding 

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

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

with WT females to produce RhoP23H/+ offspring. Mice were paired 1 male to 2 female 

and the day of delivery was recorded to monitor age of offspring. Breeder mice were 

supplemented with SuppliCalTM Veterinary Nutritional Supplement for Dogs and Cats 

(Butler Schein, Dublin, Ohio), sunflower seeds, and extra bedding materials. Mice were 

maintained under low light conditions at a standard 12-h light: 12-h dark cyle. Breeder 

mice were fed Teklad Irradiated Rodent Diet 8904 and offspring mice were fed Diet 2918 

for maintenance (Teklad, Madison, WI, USA). 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. 

 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. Table 2 provides the number of mice 

analyzed for each functional assessment at 2, 4, 6, 8, and 10 months of age. Table 3 

provides the number or retinas analyzed for each histological assessment at 2, 4, 6, 8, and 

10 months of age. 
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Table 2: Number of mice utilized in in vivo studies. 

 

 

Table 3: Number of mice utilized in histological analysis. 
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Genotyping 

Mice were genotyped using GoTaq Green Master Mix (Promega Corp., Madison, 

WI). The P23H mutation was identified by PCR using primers to amplify genomic DNA 

to confirm mutation presence (forward 5’ -GGT AGC ACT GTT GGG CAT CT- 3’; 

reverse 5’ - GAC CCC ACA GAG ACA AGC TC- 3’). Homozygosity resulted in a band 

at ~320bp. Heterozygosity yielded 2 bands at ~320bp and 150bp (Fig. 11). 

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 at postnatal day 14 (P14) for the 

duration of the mouse life. 

Visual Acuity 

Visual acuity was measured as spatial thresholds for opto-motor tracking of sine-

wave gratings using a virtual optokinetic system (OptoMotry, CerebralMechanics, 

Figure 18: Genotyping of RhoP23H/+ mice 

 

Figure 19: Visual acuity in WT and RhoP23H/+ mice.Figure 20: Genotyping of 

RhoP23H/+ mice 

A representative genotyping of the RhoP23H/+ mice to produce heterozygous offspring for experimental 

testing.  ~320bp band represents the presence of the P23H mutation and ~150bp band represents WT. 

 

Figure 21: Genotyping of RhoP23H/+ miceA representative genotyping of the RhoP23H/+ mice to 

produce heterozygous offspring for experimental testing.  ~320bp band represents the presence of the 

P23H mutation and ~150bp band represents WT. 
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Medicine Hat, Alberta, Canada) (Prusky et al, 2004). The OptoMotry System utilizes the 

optokinetic response (OKR: compensatory eye movements) along with tracking of the 

optomotor response (OMR: compensatory head movements) to determine visual acuity. It 

is a two-alternative forced choice test limiting the bias of the tester. Mice were analyzed 

using this system once a month for up to ten months. For testing, 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.  The cylinder hub was 

continually centered between the mouse's eyes, which essentially “warps” the local 

spatial frequencies on the monitors to approximate a single virtual frequency that is set by 

a staircase algorithm. Gray was projected while the mouse was moving, but when 

movement ceased, the gray was replaced with the grating. Grating rotation under these 

circumstances elicited reflexive optomotor tracking, which was scored via live video 

using the two-alternative forced choice procedure. A SF limit was generated at 100% 

contrast through each eye separately but interleaved in the testing session.  Data were 

recorded as the highest SF that yields optomotor tracking responses on 70% of the trials, 

determined by a staircase procedure. The data are presented in units of cycles per degree 

(c/d). 

Electrophysiology 

The ERG is a measure of change in electrical current passing through the retina in 

response to light.  ERG is a non-invasive, in vivo test to assess retinal function in both 

human and laboratory animals.  The ERG response is complex and represents the 

summation of activity from multiple different retinal cell types.  Many studies have been 
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performed to dissect the contribution of various retinal cells to the ERG response.  

Retinal responses (depolarization or hyperpolarization) are a result of changes in 

membrane conductance that leads to changes in membrane potential.  Changes in flow of 

ions such as K+, Na+, Cl-, and Mg+ generate electrical current resulting in dipole 

formation.  The sign (inward/outward) of the current gives rise to the basic components 

of the typical flash ERG: the a-wave, b-wave, and c-wave. Radially oriented cells such as 

RPE, PRC, Müller, and bipolar cells contribute more to the ERG response than non-

radially oriented cells such as horizontal cells. (Pinto et al, 2007).  ERG can be recorded 

under either dark adapted (scotopic) or light adapted (photopic) conditions.  Many factors 

can influence the ERG recording outcome including background noise of the testing 

location, physical movement of the subject, reference electrode placement, wavelength 

and brightness of light and depth and type of anesthesia. These factors were controlled 

wherever possible. 

Electrophysiological studies were performed to evaluate PRC 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).  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 Hypromellose (GenTeal®Tears) to 

prevent corneal drying.  For analysis of predominantly rod function, dark adapted 

scotopic scans were performed.  A series of light flashes with increasing intensities were 

presented to the eye (e.g. 0.001, 0.005, 0.01, 0.1, 0.5, 1 cd s/m2) and b-wave amplitudes 
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and implicit times were measured.  Following scotopic analysis, photopic scans were 

performed to access cone function. A series of light flashes with increasing intensities 

were presented to the eye (e.g. 3, 10, 25, 50, 100, 150 cd s/m2) and b-wave amplitudes 

and implicit times were measured and presented in units of microvolts (μV) and 

milliseconds (ms) respectively. 

Spectral Domain-Optical Coherence Tomography  

Spectral domain-optical coherence tomography (SD-OCT) is a non-invasive 

imaging technology that permits high resolution cross-sectional images of the retina in 

vivo. Retinal layers can be differentiated and measured in anesthetized mice allowing for 

repeated assessment of retinal structure in the same mouse over time. The basic principle 

of OCT is similar to ultrasound imaging utilized in thicker tissues, but OCT is 

specifically designed for imaging thin transparent tissues like the retina. OCT utilizes a 

low coherence light beam directed towards the target tissue. Based on the composition of 

the tissues the light is either absorbed or reflected.  Light that is reflected produces an A-

Scan (Garcia et al, 2013). A 2-D image is constructed using multiple A-scans and 

backscatter intensity.  This 2-D image is referred to as the B-scan. Volume intensity 

projections are also obtained using raster arrays of B-scans.  En face fundus imaging also 

permits exact correlations between the selected retinal region and its B-scan. SD-OCT is 

much faster and more efficient than standard OCT. It utilizes a spectrophotometer to 

analyze the spectrum of reflected light rather than a set of mirrors. There are currently 

several SD-OCT systems available (Garcia et al, 2013). The vision function module of 

the NEI center core grant (P30) at Augusta University offers the Bioptigen Envisu 

Spectral Domain Ophthalmic Imaging System (SDOIS) with InViviVueTM 2.4 DIVER 
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software. Manual segmentation allows the user to decide which A-scan within the B-scan 

to measure.  Manuel calipers then can be utilized to measure the thickness of various 

layers within the retina.   

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. 

Post-imaging analysis included manual assessment of retinal 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. Data were reported in micrometers (μm) 

Fundoscopy and Fluorescein Angiography  

The fundus is the interior surface of the eye that can be observed during 

fundoscopic visualization. Fundus imaging is another assessment that can be performed 

under non-invasive conditions. It utilizes reflected light from the retina to obtain a 2D 

image. Abnormalities of the retina such as hemorrhage, drusen, degeneration, disruption, 

and detachments can be easily visualized. Fundus imaging can display the optic nerve, 

central and peripheral retina and major retinal blood vessels. It does not have the 

resolution to visualize smaller retinal vessels. This limitation can be overcome using 

fluorescein angiography (FA). FA utilizes luminescence/fluorescence properties of 

sodium fluorescein, a crystalline hydrocarbon (Delori et al, 1978). The fluorescein is 

injected subcutaneously and is visible in retinal vessels within ~2 minutes. Vascular 
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abnormalities such as fluorescein leakage, hyper- or hypo- fluorescence, 

microaneurysms, vascular tortuosity, and occlusions can be visualized using FA. 

Assessment of the fundus was performed on mice anesthetized as described for 

ERG. The fundus was visualized in bright field using the Micron IV retinal scanner 

(Phoenix Research Laboratory, Pleasanton, CA), followed by administration of 

fluorescein dye subcutaneously and subsequent FA to analyze vasculature in vivo. Images 

focused on the optic nerve were used to qualitatively assess pigmentary deposition, 

vasculature hemorrhage, tortuosity and beading. 

Orientation and processing of tissue for light microscopy 

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

euthanized mouse and permit orientation of the eye.  A GEMINITM Cautery Pen System 

was employed to make a small burn at the dorsal limbus.  Eyes were removed from WT, 

RhoP23H/+, and RhoP23H/+ (+)-PTZ-treated mice and placed immediately in optimal cutting 

temperature compound (OCT) (Elkhart, IN) with the cornea facing forward.  The eye was 

then rotated clockwise until the burn was towards the left side of the embedding tray.  To 

maintain orientation, a small piece of colored paper was inserted within the OCT on the 

side of the burn. Eyes were flash frozen without fixation and 10 μm thick cryosections 

were placed onto charged microscope slides (SureBondTM, Avantik, Springfield NJ). 

Immunohistochemistry 

Eyes were harvested from euthanized WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ 

mice and processed as described above. Cryosections (10 μm thickness) were fixed in 4% 

paraformaldehyde diluted in PBS for 10 minutes.  Sections were then washed thrice in 

PBS Trition X-100 and blocked using1X Universal Blocking Reagent (Fremont, CA) for 
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1 hour. To determine the identity of PRCs (as rods or cones), retinal cryosections were 

incubated overnight in a humidified chamber at 4°C with FITC-conjugated peanut 

agglutinin (PNA) (Sigma L7381-1MG), a marker for cone PRCs or 1D4 anti-rhodopsin 

monoclonal antibody (Millipore MAB5356 Billerica, MA), a marker for rod PRCs 

followed by a 1hr incubation at room temperature with Alexa Fluor 555 goat anti-mouse 

IgG (Invitrogen Molecular Probes, NY).  Samples were washed using PBS Triton X-100.  

Slides were cover-slipped with FluorosheildTM containing DAPI (Sigma Chem. Co., St. 

Louis, MO) to stain nuclei. Sections were viewed by epifluorescence using the Zeiss 

Axio Imager D2 microscope (Zeiss, Gottingen, Germany) and Zeiss Zen2 software. 

Morphology 

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

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

WT, RhoP23H/+, and RhoP23H/+ (+)-PTZ-treated mice. Two measurements per image were 

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

number of rows of PRC nuclei were counted. Measurements were performed using the 

distance function of the ZEN 2 software and reported as micrometers (μm).  

Electron Microscopy Preparation, Embedding and Visualization 

A stereoscope was utilized to visualize the eye of a euthanized mouse to permit 

orientation.  A GEMINITM Cautery Pen System was used to place a small burn at the 

nasal limbus.  Eyes were removed from WT, RhoP23H/+, and RhoP23H/+ (+)-PTZ-treated 

mice and placed immediately in 2% paraformaldehyde/2% glutaraldehyde in 0.1 M 

cacodylate buffer for 1 hour. Eyes were then pierced at the limbus and remained in 

fixative for 1-2 weeks. Eyes were viewed under the dissection scope at which time a 
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surgical stitch was placed at the level of the corneal burn.  Eyes were processed for 

electron microscopy by the Augusta University Electron Microscopy and Histology Core 

Facility. Eyes 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 

en bloc with 2% uranyl acetate, dehydrated with a graded ethanol series and embedded in 

Epon-Araldite resin. Eyes were oriented in blocks with the stitch oriented forward. The 

block was trimmed into a trapezoid shape that allowed for orientation of eye during 

imaging.  Thin sections were cut with a diamond knife on a Leica EM UC6 

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 

using the following grading criteria. Density of OS: 1: Tightly packed OS, minimal space 

between OS, 2: Many OS present, some areas devoid of OS, and 3: Few OS, large areas 

devoid of OS. Organization of OS: 1: Tightly packed discs, little to no space between 

discs, discs filled plasma membrane (PM) from one side to the other, 2: Moderately 

packed discs, some space between discs, few areas where discs do not fill PM, few areas 

of misshapen discs/vesicle formation, and 3: Loosely packed discs, space between discs, 

many areas where discs do not fill PM, many areas of misshapen discs/vesicle formation. 
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Statistical Analysis 

Data were collected and statistical analysis was performed using multifactorial 

two-way ANOVA with multiple comparisons. Due to sex differences that were 

determined 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, **0.01, ***0.001, 

****0.0001. 
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RESULTS 

The research described in this thesis was undertaken to determine whether 

activation of Sig1R will enhance photoreceptor cell survival and prolong vision in a 

model of autosomal dominant RP. Three aims were proposed.  The first aim defined the 

natural history of the degeneration, the second aim addressed consequences of Sig1R 

activation on retinal function and the third evaluated the retinal architecture histologically 

in the treated model.  The following section will describe the studies conducted for aim 1 

and the results obtained utilizing three in vivo functional tests to determine the natural 

history of the retinal degeneration in the RhoP23H/+ mouse.  For ease of understanding and 

clarity, data within the body of this thesis have been presented as bar and line graphs.  To 

appreciate the scope of the data, all figures are presented as scatter plots in Appendix B. 

Aim 1: Investigate the retinal function and retinal architecture of the RhoP23H/+ 

mouse to establish the natural history of the retinal degeneration.   

1. Visual Acuity 

Visual acuity was investigated using the OptoMotry system in WT and RhoP23H/+ 

mice. Interestingly, differences in visual acuity were observed between male and female 

mice, hence data are presented for the two sexes separately as shown in figure 12.  The 

male and female WT mice evaluated in this study had visual acuity averaging ~0.4 c/d 

over the 10 month testing period (Figs. 12a and 12b) which is consistent with expected 

values. Regarding the visual acuity in male RhoP23H/+ mice, results were similar to WT 

through 2 months.  A slight decline in visual acuity is observed in RhoP23H/+ male mice 

between 3 and 6 months averaging ~0.35 c/d.  A steady significant decline is observed  
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Figure 22: Visual acuity in WT and RhoP23H/+ mice. 

 

Figure 23: Visual acuity in WT and RhoP23H/+ mice. 

Visual acuity thresholds were measured using the optomotor response and recorded in units of 

cycles per degree (c/d) in WT and RhoP23H/+ mice using the OptoMotry software and apparatus.  

(A) Male RhoP23H/+ 
mice showed significant decline in visual acuity starting at 3 months and 

continued through 10 months. (B) Female RhoP23H/+ 
mice showed significant decline in visual 

acuity starting at 5 months and continued through 10 months. Data were considered significant 

if the P-value was less than *0.05, **0.01, ***0.001, ****0.0001. 
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over the next 3 months. A highly significant reduction in visual acuity is observed in 

male RhoP23H/+ averaging ~0.25 c/d at 10 months when compared to WT (p<0.0001).   

Regarding the visual acuity in female RhoP23H/+ mice, results were similar to WT 

through 4 months, which was slightly slower than observed in mutant males.  However, 

at 5 months visual acuity declined steadily through 8 months. This decline in visual 

acuity progressed more rapidly compared to males 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 

(p=0.0009).  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. 

It should be noted that this is the first report of differences between male and female 

in the RhoP23H/+ mouse model. In all of the following figures in this thesis male and 

female will be evaluated separately.  

2. Electrophysiology 

PRC function was analyzed by ERG in WT and RhoP23H/+ mice. Scotopic and 

photopic analyses were performed to investigate predominantly rod and cone function, 

respectively, in male and female mice. Representative tracings for male scotopic and 

photopic data are shown in figures 13A and 14A while quantitative data are shown in 

figures 13B-F and 14B-F, respectively.  WT 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 with amplitudes at ~250-300μV at 2 months 

(Fig. 13B), ~100-200μV at 4 months (Fig. 13C), ~100-150μV at 6 months (Fig. 13E), and 

below 100μV at 8 and 10 months (Fig. 13E, F). Thus, by 10 months there is a marked 
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Figure 24: Analysis of scotopic responses in male WT and RhoP23H/+ mice. 

 

Figure 25: Analysis of scotopic responses in male WT and RhoP23H/+ mice. 

Dark adapted (scotopic) assessment of retinal function in male WT and RhoP23H/+ mice. (A) 

Representative tracings of scotopic b-wave amplitudes at 2, 4, 6, 8, and 10 months at 1.0 cd.s/m2. 

Quantitative data from b-wave amplitudes for (B) 2 month (C) 4 month (D) 6 month (E) 8 month (F) 10 

month male mice for both groups plotted at the six light intensities described in the text. Data were 

considered significant if the P-value was less than *0.05, **0.01, ***0.001, ****0.0001. 
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Figure 27: Analysis of photopic responses in male WT and RhoP23H/+ mice. 

 

Figure 28: Analysis of photopic responses in male WT and RhoP23H/+ mice. 

Light adapted (photopic) assessment of retinal function in male WT and RhoP23H/+ mice. (A) 

Representative tracings of scotopic b-wave amplitudes at 2, 4, 6, 8, and 10 months at 150.0 

cd.s/m2. Quantitative data from b-wave amplitudes for (B) 2 month (C) 4 month (D) 6 month (E) 

8 month (F) 10 month male mice for both groups plotted at the six light intensities described in the 

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

****0.0001. 

 

 

Figure 26: Analysis of photopic responses in male WT and RhoP23H/+ mice.Light 
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decrease in scotopic responses in RhoP23H/+ males compared to age-matched WT male 

mice.  

WT 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. 14F). 

Photopic responses in male RhoP23H/+ mice showed a gradual decrease in b-wave 

amplitudes. For example, at 6 months the photopic b-wave amplitude in male mice was 

~50μV (Fig. 14D) and decreased to ~25μV at 8 months (Fig. 14E). Photopic b-wave 

amplitudes in male RhoP23H/+ mice were significantly reduced at all ages when compared 

to WT. 

ERG was also performed to investigate PRC function in female mice. 

Representative tracings for female scotopic and photopic responses are shown in figures 

15A and 16A, while quantitative data are shown in figures 15B-F and 16B-F, 

respectively.  WT female mice had robust scotopic responses over the 10 months studied 

with a b-wave amplitudes ranging from ~400-500μV at the highest flash intensities. No  

differences were observed in scotopic results between male and female WT mice. 

Regarding scotopic responses in RhoP23H/+ female mice, a gradual decline in scotopic b-

wave amplitudes over the 10 months tested was observed with amplitudes at ~200-250μV 

at 2 months (Fig. 15B) and ~125-200μV at 4 months (Fig. 15C). Interestingly, scotopic 

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

ranged from ~30-80μV (Fig. 15D). At 8 and 10 months scotopic responses were barely 

detectible and then only at the highest flash intensities measured (1 cd.s/m2) (Figs. 15E, 

F). Scotopic b-wave amplitudes in female RhoP23H/+ mice were significantly reduced at 

all ages when compared to WT. 
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Regarding photopic responses, WT female mice had robust responses over the 10 

months studied with a b-wave amplitude ranging from 90-100μV at the highest flash 

intensities. As with males, photopic responses in female RhoP23H/+ mice showed a gradual 

decline in b-wave amplitudes over the 10 months tested.  To highlight this observation, 

female RhoP23H/+ mice showed a b-wave amplitude at 6 months averaging ~20μV at the 

highest flash energy (Fig. 16D). Collectively, these results suggest that ERG responses 

gradually decline over the 10 month testing period in both male and female RhoP23H/+ 

mice. 

3. Spectral Domain – Optical Coherence Tomography 

Retinal structure was analyzed in vivo using SD-OCT. B-scans were produced for 

both the right and left eye.  Representative images for WT are shown in figure 17A and 

for mutants in figure 17C. Initial studies investigated whether there were any changes 

within the inner or outer retina of RhoP23H/+ mice.  No changes were observed within the 

inner retina, but a decrease in the outer retinal thickness was observed.  This is probably 

occurring within the ONL or IS/OS region or both.  The SD-OCT has limited resolution 

for IS/OS length, which prevents accurate measurement of this region.  To overcome this 

limitation, we focused our measurements on the ONL layer which can be accurately 

visualized and measured.  The assessment of IS/OS was performed histologically and is 

described later in this thesis. 

 Owing to the differences in dorsal and ventral retina at ~5 months reported by 

Sakami et al (2011), OCT measurements of the ONL thickness were made in the dorsal, 

optic nerve (retina corresponding to central elevations), and ventral retina in males and  
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Figure 30: Analysis of scotopic responses in female WT and RhoP23H/+ mice. 

 

Figure 31: Analysis of scotopic responses in female WT and RhoP23H/+ mice. 

Dark adapted (scotopic) assessment of retinal function in female WT and RhoP23H/+ mice. (A) 

Representative tracings of scotopic b-wave amplitudes at 2, 4, 6, 8, and 10 months at 1.0 cd.s/m2. 

Quantitative data from b-wave amplitudes for (B) 2 month (C) 4 month (D) 6 month (E) 8 month (F) 

10 month female mice for both groups plotted at the six light intensities described in the text. Data were 

considered significant if the P-value was less than *0.05, **0.01, ***0.001, ****0.0001. 

 

 

Figure 29: Analysis of scotopic responses in female WT and RhoP23H/+ mice.Dark 

adapted (scotopic) assessment of retinal function in female WT and RhoP23H/+ mice. (A) Representative 
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Figure 33: Analysis of photopic responses in female WT and RhoP23H/+ mice. 

 

Figure 34: SD-OCT analysis of retinal ONL thickness in male WT and RhoP23H/+ mice.Figure 35: 

Analysis of photopic responses in female WT and RhoP23H/+ mice. 

Light adapted (photopic) assessment of retinal function in female WT and RhoP23H/+ mice. (A) 

Representative tracings of scotopic b-wave amplitudes at 2, 4, 6, 8, and 10 months at 150.0 cd.s/m2. 

Quantitative data from b-wave amplitudes for (B) 2 month (C) 4 month (D) 6 month (E) 8 month (F) 

10 month female mice for both groups plotted at the six light intensities described in the text. Data were 

considered significant if the P-value was less than *0.05, **0.01, ***0.001, ****0.0001. 

 

 

Figure 32: Analysis of photopic responses in female WT and RhoP23H/+ mice.Light 

adapted (photopic) assessment of retinal function in female WT and RhoP23H/+ mice. (A) Representative 
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females, respectively.  SD-OCT performed in male WT mice are represented in figure 

17A and quantified in 17B.  WT males showed an ONL thickness ~60μm that was 

maintained throughout the 10 month testing period. Representative images for male 

RhoP23H/+ mice are shown in figure 17C and quantified in 17D. Regarding dorsal ONL 

thickness in RhoP23H/+ male mice, as early as 2 months the ONL thickness has decreased 

to approximately half that of WT mice in all retinal regions (p<0.0001, Fig. 17D).  The 

ONL thickness gradually declined through the 10 month time point.  For example, at 6 

months RhoP23H/+ male mice had decreased ONL thickness averaging ~10μm and by 10 

months it was ~5μm in the three retinal regions (p<0.0001).   

Representative images of SD-OCT performed in female WT mice are presented in 

figure 18A and quantified in 18B.  WT females showed an ONL thickness ~60μm that 

was maintained throughout the 10 month testing period. Representative images for 

female RhoP23H/+ mice are shown in figure 18C and quantified in 18D. Regarding ONL 

thickness in female RhoP23H/+ mice, as early as 2 months the ONL thickness had 

decreased to less than half when compared to WT in all retinal regions (p<0.0001, Fig. 

18D). Female RhoP23H/+ mice have a marked decline between 2 and 4 months going from 

~20μm to ~10μm.  Female RhoP23H/+ then gradually declined through the 10 month time 

point.  For example, at 6 months female RhoP23H/+ mice ONL thickness averaged less 

than ~10μm and at 8 months was ~5μm (p<0.0001, Fig. 18D).  Similar to previous 

results, female RhoP23H/+ ONL thickness appears to decline at a faster rate than males.  

Overall, results show RhoP23H/+ mice ONL thickness measured by SD-OCT significantly 

declined over a 10 month period of time. 
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Figure 36: SD-OCT analysis of retinal ONL thickness in male WT and RhoP23H/+ mice. 

 

Figure 37: SD-OCT analysis of retinal ONL thickness in male WT and RhoP23H/+ mice. 

Male WT and RhoP23H/+ mice were subjected to SD-OCT as described in the text.  SD-OCT B-scans 

were obtained and ONL thickness quantified. (A) Representative B-scans from the dorsal, optic nerve, 

and ventral retina of WT mice (B) Quantification of ONL thickness in WT mice over 10 months. (C) 

Representative B-scans from RhoP23H/+ mice a 2, 4, 6, 8, 10 months. (D) Quantification of the ONL 

thickness from WT and RhoP23H/+ mice. Data were considered significant if the P-value was less than 

*0.05, **0.01, ***0.001, ****0.0001. 

 

Figure 38: SD-OCT analysis of retinal ONL thickness in female WT and RhoP23H/+ 

mice.Male WT and RhoP23H/+ mice were subjected to SD-OCT as described in the text.  SD-OCT B-
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Figure 39: SD-OCT analysis of retinal ONL thickness in female WT and RhoP23H/+ mice. 

 

Figure 40: SD-OCT analysis of retinal ONL thickness in female WT and RhoP23H/+ mice. 

Female WT and RhoP23H/+ mice were subjected to SD-OCT as described in the text.  SD-OCT B-scans 

were obtained and ONL thickness quantified. (A) Representative B-scans from the dorsal, optic nerve, 

and ventral retina of WT mice (B) Quantification of ONL thickness in WT mice over 10 months. (C) 

Representative B-scans from RhoP23H/+ mice a 2, 4, 6, 8, 10 months. (D) Quantification of the ONL 

thickness from WT and RhoP23H/+ mice. Data were considered significant if the P-value was less than 

*0.05, **0.01, ***0.001, ****0.0001. 

 

 

Female WT and RhoP23H/+ mice were subjected to SD-OCT as described in the text.  SD-OCT B-scans 



55 

 

Aim 1 marks a comprehensive assessment of retinal function and in vivo structure 

of the RhoP23H/+ mouse model and demonstrated a gradual decline in retinal function in the 

RhoP23H/+ mice compared to WT over the 10 month testing period.  These data expanded 

on previously publish data and provided an excellent characterization of the RhoP23H/+ 

mouse, in which investigations of Sig1R neuroprotection would be performed. 

Having determined the functional features of the RhoP23H/+ mouse retinal 

degeneration, I investigated the extent to which activation of Sig1R could modulate 

retinal function in this model. RhoP23H/+ male and female mice were administered (+)-

PTZ beginning at P14, which continued 3x/week throughout the study.  (+)-PTZ is a high 

affinity, high selective agonist of Sig1R (Su 1982) and was used to activate the receptor.  

The consequences on visual acuity, electrophysiological responses, retinal architecture 

and retinal vasculature were analyzed as described in the methods section.  Results are 

provided in the following sections. 

Aim 2: Determine the extent to which activation of Sig1R alters retinal function in 

the RhoP23H/+ mouse model of RP. 

1. Visual Acuity 

 Visual acuity was investigated using the OptoMotry system in RhoP23H/+ and 

RhoP23H/+ (+)-PTZ-treated mice. Findings in male mice are described first (Fig. 19A), 

followed by those in female mice (Fig. 19B). WT have a visual acuity around 0.4 c/d in 

both male and female mice that is represented as a black dotted line in figure 19. While 

there was similar visual acuity between (+)-PTZ-treated and non-treated male RhoP23H/+ 

mice at 1, 2, and 3 months, there was a significant retention in treated mice at 4 (Male  
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Figure 41: Visual acuity in RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. 

 

Figure 42: Analysis of scotopic responses in male RhoP23H/+ and RhoP23H/+ + (+)-PTZ 

mice.Figure 43: Visual acuity in 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 RhoP23H/+ and RhoP23H/+ mice treated with (+)-PTZ using the 

OptoMotry software and apparatus. WT values are represented by the black dotted line (A) 

Male RhoP23H/+ + (+)-PTZ mice showed significant retention in visual acuity most notably at 10 

months. (B) Female RhoP23H/+ 
mice showed significant retention in visual acuity most notably at 

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

***0.001, ****0.0001. 

 

 

Figure 44: Visual acuity in RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice.Visual acuity 
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p=0.0482) and 5 (Male p=0.0061) months (Fig. 19A).  Over the next several months (6-9 

months) significant differences between groups were not detected.  At 10 months however, 

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).  The results indicate a significant 

preservation of visual acuity in male RhoP23H/+ mice when Sig1R is activated using (+)-

PTZ. 

 Even more dramatic were the consequences on visual acuity in RhoP23H/+ female 

mice administered (+)-PTZ.  There was a significant retention of normal acuity at 4 months 

in RhoP23H/+ mice treated with (+)-PTZ (~0.4 c/d, p=0.0055).  Over the next several months, 

however, 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.19B). As with males, activation of Sig1R in 

RhoP23H/+ female mice resulted in retention of visual acuity over several months. 

2. Electrophysiology 

PRC electrophysiological function was analyzed using ERG in RhoP23H/+ and 

RhoP23H/+ (+)-PTZ-treated mice. Scotopic and photopic analyses were performed to 

investigate predominantly rod and cone function, respectively, in males and females. 

Regarding scotopic responses in males, representative tracings are shown in figure 20A 

and quantitation of b-wave amplitudes for 2-10 months are shown in figures 20 B-F. At 2 

and 4 months, b-wave amplitudes were similar in RhoP23H/+ mice regardless of (+)-PTZ 

treatment (~300μV, 1 cd.s/m2, Fig. 20B-C). By 6 months, non-treated mutant male mice 

showed a decline in the b-wave amplitudes averaging ~140μV, however (+)-PTZ treated  
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Figure 45: Analysis of scotopic responses in male RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. 

 

 

Figure 46: Analysis of scotopic responses in male RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. 

 

Dark adapted (scotopic) assessment of retinal function in male RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated 

mice. (A) Representative tracings of scotopic b-wave amplitudes at 2, 4, 6, 8, and 10 months at 1.0 

cd.s/m2. Quantitative data from b-wave amplitudes for (B) 2 month (C) 4 month (D) 6 month (E) 8 

month (F) 10 month male mice for both groups plotted at the six light intensities described in the text. 

Data were considered significant if the P-value was less than *0.05, **0.01, ***0.001, ****0.0001. 

 

 

Dark adapted (scotopic) assessment of retinal function in male RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated 

mice. (A) Representative tracings of scotopic b-wave amplitudes at 2, 4, 6, 8, and 10 months at 1.0 
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Figure 48: Analysis of photopic responses in male RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. 

 

 

Figure 49: Analysis of photopic responses in male RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. 

 

Light adapted (photopic) assessment of retinal function in male RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated 

mice. (A) Representative tracings of scotopic b-wave amplitudes at 2, 4, 6, 8, and 10 months at 150.0 

cd.s/m2. Quantitative data from b-wave amplitudes for (B) 2 month (C) 4 month (D) 6 month (E) 8 

month (F) 10 month male mice for both groups plotted at the six light intensities described in the text. 

Data were considered significant if the P-value was less than *0.05, **0.01, ***0.001, ****0.0001.  

 

 

Figure 47: Analysis of photopic responses in male RhoP23H/+ and RhoP23H/+ + (+)-PTZ 
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RhoP23H/+ mice showed robust amplitudes most noticeable at the highest flash energy 

(~200μV, 1 cd.s/m2, p=0.0069, Fig. 20D).  A similar trend was observed in 8 month mice 

(~15μV v. ~90μV for non-treated v. treated, p<0.0001, Fig. 20E). When mice were 

analyzed at 10 months, differences between treated and non-treated groups were no 

longer detectible.  The average b-wave amplitude at 10 months for both groups was 

~75μV at the highest flash energy (1 cd.s/m2, Fig. 20F).  

Regarding photopic responses in males, representative tracings are shown in 

figure 21A and quantitation of b-wave amplitudes are shown in figures 21B-E. At 2, 4, 

and 6 months non-treated mutant mice had b-wave amplitudes of ~55μV at the highest 

flash energy (Fig. 21B-D), whereas (+)-PTZ treated RhoP23H/+ mice had b-wave 

amplitudes of ~65μV. There were no significant differences between treated and non-

treated mice (Fig 21B-D).  At 8 months, however RhoP23H/+ male mice showed a decline 

in b-wave amplitudes (~30μV) whereas (+)-PTZ-treated male mice averaged ~55μV at a 

flash energy of 150 cd.s/m2 (p<0.0001, Fig. 21E).  When male mice were analyzed at 10 

months, differences between treated and non-treated groups were no longer detected.  

The average b-wave amplitude at 10 months for both groups was ~30μV at the highest 

flash energy (150 cd.s/m2, Fig 21F).  

Regarding scotopic and photopic responses in females, representative tracings are 

shown in figures 22A and 23A and quantification of the data are provided in figures 22B-

F and 23B-F, respectively.  Similar to males, scotopic responses in females at 2 and 4 

months were comparable in RhoP23H/+ mice regardless of (+)-PTZ treatment.  By 6 

months, non-treated mutant females showed a decline in the b-wave amplitudes  
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Figure 51: Analysis of scotopic responses in female RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. 

 

Figure 52: Analysis of scotopic responses in female RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. 

Dark adapted (scotopic) assessment of retinal function in female RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated 

mice. (A) Representative tracings of scotopic b-wave amplitudes at 2, 4, 6, 8, and 10 months at 1.0 

cd.s/m2. Quantitative data from b-wave amplitudes for (B) 2 month (C) 4 month (D) 6 month (E) 8 

month (F) 10 month female mice for both groups plotted at the six light intensities described in the text. 

Data were considered significant if the P-value was less than *0.05, **0.01, ***0.001, ****0.0001.  

 

 

Figure 50: Analysis of scotopic responses in female RhoP23H/+ and RhoP23H/+ + (+)-PTZ 
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Figure 54: Analysis of photopic responses in female RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. 

 

Figure 55: SD-OCT analysis of retinal ONL thickness in male RhoP23H/+ and  RhoP23H/+ + (+)-

PTZ mice.Figure 56: Analysis of photopic responses in female RhoP23H/+ and RhoP23H/+ + (+)-

PTZ mice. 

Light adapted (photopic) assessment of retinal function in female RhoP23H/+ and RhoP23H/+ (+)-PTZ-

treated mice. (A) Representative tracings of scotopic b-wave amplitudes at 2, 4, 6, 8, and 10 months at 

150.0 cd.s/m2. Quantitative data from b-wave amplitudes for (B) 2 month (C) 4 month (D) 6 month (E) 

8 month (F) 10 month female mice for both groups plotted at the six light intensities described in the 

text. Data were considered significant if the P-value was less than *0.05, **0.01, ***0.001, ****0.0001. 

 

 

Figure 53: Analysis of photopic responses in female RhoP23H/+ and RhoP23H/+ + (+)-



63 

 

(~80μV), whereas (+)-PTZ treated RhoP23H/+ mice showed robust amplitudes especially 

noticeable at the highest flash energy (~150μV, 1 cd.s/m2, p<0.0001, Fig 22D). 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, p=0.2241, Fig. 22E).  When mice were analyzed at 10 months, differences 

between treated and non-treated groups were no longer detectible.  The average b-wave 

amplitudes were ~30μV at the highest flash energy for both groups (Fig. 22F).  

Concerning photopic responses in females, at 2 months non-treated mutants had 

an average b-wave amplitude of ~50μV, while (+)-PTZ-treated RhoP23H/+ mice had more 

robust amplitudes notably at the highest flash energy (~100μV, 150 cd.s/m2, p<0.0001, 

Fig 23B). At 4 months, average b-wave amplitudes were significantly higher in (+)-PTZ-

treated mice (~90μV) than in non-treated mice (~60μV) at the highest flash energy 

(p=0.0401, Fig 23C).  By 6 months, non-treated female mutants had b-wave amplitudes 

averaging ~40μV, while (+)-PTZ-treated mutants were significantly higher averaging 

~60μV at the highest flash energy (150 cd.s/m2, p=0.0003, Fig 23D). When female 

mutant mice were analyzed at and 10 months, there were no significant differences 

between treated and non-treated mice. The average b-wave amplitudes were ~30μV and 

~15μV at the highest flash energy, respectively (1 cd.s/m2, Fig 23E-F). Taken 

collectively, (+)-PTZ treatment significantly improved scotopic and photopic responses 

in male and female RhoP23H/+ mice, with most improvement seen at 2, 6 and 8 months.  

3. Spectral Domain- Optical Coherence Tomography 

Retinal structure was analyzed in vivo using SD-OCT. B-scans were performed on 

both right and left eye. Again, owing to the most changes occurring in the outer retina of 
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RhoP23H/+, we concentrated measurements on the thickness of the ONL.  Measurements 

of the ONL thickness were investigated at the dorsal, optic nerve, and ventral regions of 

the retina in males and females, respectively. SD-OCT images for males are shown in 

figure 24.  A representative en face image is shown for a 10 month WT male (Fig. 24A) 

and average measurements of the ONL thickness in dorsal, optic nerve, and ventral retina 

in WT over 10 months are shown in figure 24B.  WT male mice maintain an ONL 

thickness averaging ~60μm over the 10 month testing period in all retinal regions (Fig 

24B). 

 Regarding male mutant mice, representative images are shown in figure 24C and 

quantitation of the ONL measurements are shown in figure 24D. In RhoP23H/+ male mice 

the dorsal ONL thickness at 2 months was similar in RhoP23H/+ mice regardless of (+)-

PTZ treatment (Fig. 24D). By 4 months non-treated mutant male mice showed a decline 

in the ONL thickness (~16μm), compared to (+)-PTZ-treated RhoP23H/+ mice, which had 

an ONL that was ~20μm thick (p<0.0001).  This trend continued through 10 months of 

age.  It should be noted that in treated and non-treated groups the ONL thickness declines 

in a gradual manner from thickest in the dorsal retina to thinnest in the ventral retina.  

A representative en face image is shown for a 10 month WT female (Fig. 25A) 

and average measurements of the ONL thickness in dorsal, optic nerve, and ventral retina 

over 10 months are shown in figure 25B. WT female mice maintain an ONL thickness 

averaging ~60μm over the 10 month testing period in all retinal regions (Fig 25B). 

Data from SD-OCT analyses of mutant and treated female RhoP23H/+ mice are shown in 

figure 25C (representative B scans) and figure 25D (quantitative measurements of ONL 

thickness). At all ages examined the (+)-PTZ-treated RhoP23H/+ females had thicker ONL  
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Figure 57: SD-OCT analysis of retinal ONL thickness in male RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice.  

 

 

Figure 58: 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. (A) Representative B-scans from the 

dorsal, optic nerve, and ventral retina of WT mice (B) Quantification of ONL thickness in WT mice over 

10 months. (C) Representative B-scans from RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated mice a 2, 4, 6, 8, 

10 months. (D) Quantification of the ONL thickness from RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated mice. 

Data were considered significant if the P-value was less than *0.05, **0.01, ***0.001, ****0.0001. 

 

 

Male RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated mice were subjected to SD-OCT as described in the text.  
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Figure 59: SD-OCT analysis of retinal ONL thickness in female RhoP23H/+ and RhoP23H/+ + (+)-PTZ 

mice.  

 

 

Figure 60: 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. (A) Representative B-scans from the 

dorsal, optic nerve, and ventral retina of WT mice (B) Quantification of ONL thickness in WT mice over 

10 months. (C) Representative B-scans from RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated mice a 2, 4, 6, 8, 10 

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

Data were considered significant if the P-value was less than *0.05, **0.01, ***0.001, ****0.0001. 

 

 

Figure 61: SD-OCT analysis of retinal ONL thickness in female RhoP23H/+ and  
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than non-treated, age-matched mutants. At 2, 4, 6, and 8 months, this improvement in 

ONL thickness was observed in dorsal, optic nerve, and ventral retinal regions.  To 

illustrate this in more detail, at 2 months the average thickness of the ONL in treated 

mutants was nearly 30μm but was only ~23μm in non-treated (p<0.0001). At 6 months, 

the ONL thickness in (+)-PTZ-treated mutants averaged more than 12μm while non-

treated mice had average ONLs that were less than 10μm (p<0.0001). The retention of 

the ONL was highly significant through 8 months.  Thus, for both male and female 

mutants, activation of Sig1R has a beneficial effect in retaining cells within the ONL of 

the retina. 

4. Fundoscopy and Fluorescein Angiography 

To our knowledge, there have been no reports of analysis of the fundus of 

RhoP23H/+ mice compared to WT to access pigmentary deposition or retinal vasculature.  

The Micron IV instrument was used to evaluated the fundus of RhoP23H/+ non-

treated and (+)-PTZ-treated mice at 2, 4, 6, 8, and 10 months of age.  Images were 

compared to age matched WT mice at 10 months.  Representative images for 10 month 

male and female are shown in figure 26 and 27, respectively. No qualitative changes in 

retinal pigment deposition were observed in male WT, RhoP23H/+, or RhoP23H/+ (+)-PTZ-

treated mice. Following fundoscopic evaluation, mice were subjected to fluorescein 

angiography.  This method permits assessment of hemorrhage, ischemia, vessel 

abnormalities and tortuosity.  There was no evidence of hemorrhage or ischemia in WT 

mice nor RhoP23H/+ mice regardless of (+)-PTZ treatment.  Occasional vascular beading 

and very mild tortuosity was observed in the mutant mice at 10 months but it did not 

appear to be altered in (+)-PTZ-treated mice.  
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Aim 2 analyzed the consequences of Sig1R activation on retinal function in the 

RhoP23H/+ mouse model. Results demonstrate a dramatic retention of retinal function and 

in vivo retinal structure in the RhoP23H/+ mice treated with (+)-PTZ and provide evidence 

for promising potential for Sig1R use as a small molecule therapeutic. 

 After mice were subjected to in vivo functional analyses, they were euthanized 

and eyes were harvested for histologic analysis using light and electron microscopic 

techniques. 

 

Aim 3: Determine the extent to which activation of Sig1R alters retinal structure in 

the RhoP23H/+ mouse model of RP. 

1. Morphometric analysis using light microscopy 

Retinal cryosections were prepared and morphometric analysis was performed on 

H&E stained sections from WT, RhoP23H/+, and RhoP23H/+ (+)-PTZ-treated mice.  Total 

retinal thickness, ONL thickness, IS/OS length, and number of rows of PRC nuclei were 

measured over 10 months in male and female mice. Representative images of retinas of 

male mice evaluated for this study are provided in figure 28.  Since there are differences 

between the dorsal and ventral retinas of RhoP23H/+ mice, the dorsal and ventral regions 

were analyzed separately.  The quantification of thickness of the total retina, the ONL, 

and the IS/OS length as well as the number of rows of RPC nuclei are presented in figure 

28 adjacent to the histological images for each age evaluated (2-10 months). 

WT male mice have retinas that are ~200-250μm thick, ONL that are ~40-60μm 

thick, IS/OS that are ~30-40μm thick over the first 10 months.  They typically have 10-12 

rows of PRC nuclei. In contrast, RhoP23H/+ male mice demonstrate a decline in these 
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measurements over 10 months.  Typically, the ventral retina of mutants declined more 

rapidly than dorsal through at least the first 6 months.  

In contrast, measurements of the ONL and IS/OS thickness as well as the number 

of rows of PRCs were consistently better in (+)-PTZ-treated male mutants versus 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, but there were 7 

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

that age (Dorsal p<0.0001, Ventral p=0.0006, Fig. 28D). 

Another important observation from the data in figure 28 is the significantly 

longer IS/OS in the dorsal retina of (+)-PTZ-treated male mutant mice (~25μm) versus 

non-treated (~12μm) at 6 months (p<0.0001, Fig. 28F). These morphometric results 

suggest significant preservation of the outer retina when Sig1R is activated in male 

RhoP23H/+ mice at least through ~6 months of age. 

As with male RhoP23H/+ mice, a comprehensive quantitative analysis of retinal 

morphology was conducted in female mutant mice that had been administered (+)-PTZ 

versus those that received no treatment.  Data are presented in figure 29.  Representative 

photomicrographs of the dorsal and ventral retina are shown adjacent to quantitative 

analysis of the total retinal thickness, ONL thickness and IS/OS length and the number of 

rows of PRC nuclei (Fig. 29A-J).  

WT female mice were evaluated and had well organized retinas over the 10 

month study with the total retinal thickness averaging ~200-225μm. WT female mice had 
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an ONL thickness that was ~40-50μm and IS/OS length of ~40μm. As with males, there 

were 10-12 rows of PRC nuclei over the 10 month study. 

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 RhoP23H/+ female in the dorsal retina (~20μm) compared to non-

treated mutants (~11μm) (p<0.0001). At that same age there were 6 rows of PRC nuclei 

in (+)-PTZ- treated female mice versus ~3.5 in non-treated mutants (p<0.0001). By 8 

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

number of rows of PRC nuclei between the two groups.  The importance of this 

observation compared to results from functional studies and other structural analysis is 

explained in the discussion section. 
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Figure 62: Analysis of fundus in male WT, RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. 

 

Figure 63: Analysis of fundus in male WT, RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. 

Fundoscopy was performed on 2, 4, 6, 8, and10 month old male WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ 

mice to access the quality of the presence of pigmentary deposition. (A, C, E) Representative images from 

10 month old WT, RhoP23H/+, and RhoP23H/+ (+)-PTZ-treated mice.  Fluorescein angiography was then 

performed to access the retinal vasculature. (B, D, F) Representative images from 10 month old WT, 

RhoP23H/+, and RhoP23H/+ (+)-PTZ-treated mice. 
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Figure 64: Analysis of fundus in female WT, RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. 

 

 

Fundoscopy was performed on 2, 4, 6, 8, and10 month old female WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ 

mice to access the quality of the presence of pigmentary deposition. (A, C, E) Representative images from 

10 month old WT, RhoP23H/+, and RhoP23H/+ (+)-PTZ-treated mice.  Fluorescein angiography was then 

performed to access the retinal vasculature. (B, D, F) Representative images from 10 month old WT, 

RhoP23H/+, and RhoP23H/+ (+)-PTZ-treated mice. 
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Figure 66: Morphometric analysis of male WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ mice. 

 

Figure 67: Morphometric analysis of male WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ mice. 

Morphometric analysis was performed on male WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ H&E stained 

retinal cryosections at 2, 4, 6, 8, and 10 months. Representative images for both the (D) dorsal and (V) 

ventral retina are shown for all ages.  (B, D, F) Quantification of the TRT, ONL, IS/OS thickness, and 

rows of nuclei in both the dorsal and ventral retina presented at 2, 4, and 6 months. TRT: Total retinal 

thickness, ONL: Outer nuclear layer, IS/OS: Inner and outer segment. Data were considered significant 

if the P-value was less than *0.05, **0.01, ***0.001, ****0.0001. 

 

Figure 65: Morphometric analysis of male WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ 

mice.Morphometric analysis was performed on male WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ H&E 
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Figure 28 Cont.: Morphometric analysis of male WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ mice.  

 

Figure 28 Cont.: Morphometric analysis of male WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ mice.  

Morphometric analysis was performed on male WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ H&E stained 

retinal cryosections at 8 and 10 months. Representative images for both the (D) dorsal and (V) ventral 

retina are shown for all ages.  (B, D, F) Quantification of the TRT, ONL, IS/OS thickness, and rows of 

nuclei in both the dorsal and ventral retina presented at 8 and 10 months. TRT: Total retinal thickness, 

ONL: Outer nuclear layer, IS/OS: Inner and outer segment. Data were considered significant if the P-

value was less than *0.05, **0.01, ***0.001, ****0.0001. 
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Figure 69: Morphometric analysis of female WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ mice. 

 

Figure 70: Morphometric analysis of female WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ mice. 

Morphometric analysis was performed on female WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ H&E stained 

retinal cryosections at 2, 4, 6, 8, and 10 months. Representative images for both the (D) dorsal and (V) 

ventral retina are shown for all ages.  (B, D, F) Quantification of the TRT, ONL, IS/OS thickness, and 

rows of nuclei in both the dorsal and ventral retina presented at 2, 4, and 6 months. TRT: Total retinal 

thickness, ONL: Outer nuclear layer, IS/OS: Inner and outer segment. Data were considered significant 

if the P-value was less than *0.05, **0.01, ***0.001, ****0.0001. 

 

Figure 68: Morphometric analysis of female WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ 

mice.Morphometric analysis was performed on female WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ H&E 
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Figure 29 Cont.: Morphometric analysis of female WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ mice.  

 

Figure 29 Cont.: Morphometric analysis of female WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ mice.  

Morphometric analysis was performed on female WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ H&E stained 

retinal cryosections at 8 and 10 months. Representative images for both the (D) dorsal and (V) ventral 

retina are shown for all ages.  (B, D, F) Quantification of the TRT, ONL, IS/OS thickness, and rows of 

nuclei in both the dorsal and ventral retina presented at 8 and 10 months. TRT: Total retinal thickness, 

ONL: Outer nuclear layer, IS/OS: Inner and outer segment. Data were considered significant if the P-

value was less than *0.05, **0.01, ***0.001, ****0.0001. 

 

 

Figure 71: PNA staining in WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ male 

mice.Morphometric analysis was performed on female WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ H&E 

stained retinal cryosections at 8 and 10 months. Representative images for both the (D) dorsal and (V) 

ventral retina are shown for all ages.  (B, D, F) Quantification of the TRT, ONL, IS/OS thickness, and 

rows of nuclei in both the dorsal and ventral retina presented at 8 and 10 months. TRT: Total retinal 
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2. Immunohistochemical detection of rods and cones 

Previous research conducted in the rd10 mouse model of RP reported that 

activation of Sig1R preserved cone PRCs but not rod PRCs (Wang et al, 2016). This was 

determined by ERG analysis and confirmed by immune-detection of cone PRCs using 

cone-specific PNA labeling.  In the current study of RhoP23H/+ mice both photopic and 

scotopic responses were detected in mutant mice, suggesting cone and rod preservation 

(though responses were reduced markedly with advanced age (Fig. 20, 21, 22, 23 for 

male/female scotopic/photopic)). With (+)-PTZ treatment, significant improvement was 

observed in scotopic as well as photopic function in both sexes. Since cone PRCs are 

contribute to scotopic responses at higher intensities, it was necessary to identify the 

PRCs that were mediating these responses.   

To confirm the identity of the PRCs present in RhoP23H/+ (+)-PTZ-treated mice, we 

utilized PNA labeling for cones and analyzed retinas at 2, 4, and 6 months (Figs. 30, 31), 

the ages in which responses were most notable by ERG. WT male and female mice 

showed robust PNA staining for cone PRCs through 6 months. Regarding mutant male 

and female mice, PNA staining was also observed through 6 months in both non-treated 

and treated mice confirming the presence of cone PRCs (Figs. 30, 31).  

To confirm the identity of rods, we utilized 1D4 labeling. WT male and female 

mice showed robust 1D4 staining of rod PRCs. In mutant male and female mouse retinas, 

1D4 staining at all ages examined in both non-treated and treated mice confirming the 

presence of rods (Figs. 30, 31).   These results confirm the presence of both rod and cone 

PRCs within RhoP23H/+ mice through 6 months of age. 
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Figure 72: PNA staining in WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ male mice. 

 

Figure 73: PNA staining in WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ male mice. 

Male WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ retinal cryosections stained with PNA to detect 

cone PRCs. (A-C) Representative images for WT, RhoP23H/+, and RhoP23H/+ (+)-PTZ-treated 

dorsal and ventral retinas at 2, 4, and 6 months. Green: PNA. Blue: DAPI. INL: Inner nuclear 

layer. ONL: Outer nuclear layer. IS/OS: Inner/Outer segment. 

 

Male WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ retinal cryosections stained with PNA to detect 

cone PRCs. (A-C) Representative images for WT, RhoP23H/+, and RhoP23H/+ (+)-PTZ-treated 
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Figure 75: PNA staining in WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ female mice. 

 

Figure 76: PNA staining in WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ female mice. 

Female WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ retinal cryosections stained with PNA to detect 

cone PRCs. (A-C) Representative images for WT, RhoP23H/+, and RhoP23H/+ (+)-PTZ-treated 

dorsal and ventral retinas at 2, 4, and 6 months. Green: PNA. Blue: DAPI. INL: Inner nuclear 

layer. ONL: Outer nuclear layer. IS/OS: Inner/Outer segment. 

 

 

Figure 74: PNA staining in WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ female 
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Figure 78: 1D4 staining in WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ male mice. 

 

Figure 79: 1D4 staining in WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ male mice. 

Male WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ retinal cryosections stained with 1D4 to detect rod 

PRCs. (A-C) Representative images for WT, RhoP23H/+, and RhoP23H/+ (+)-PTZ-treated dorsal and 

ventral retinas at 2, 4, and 6 months. Red: 1D4. Blue: DAPI. INL: Inner nuclear layer. ONL: 

Outer nuclear layer. IS/OS: Inner/Outer segment. 

 

 

Figure 77: 1D4 staining in WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ male 
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Figure 80: 1D4 staining in WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ female mice. 

 

Figure 81: Transmission electron microscopy of WT mice.Figure 82: 1D4 staining in WT, 

RhoP23H/+, and RhoP23H/+ + (+)-PTZ female mice. 

Female WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ retinal cryosections stained with 1D4 to detect 

rod PRCs. (A-C) Representative images for WT, RhoP23H/+, and RhoP23H/+ (+)-PTZ-treated dorsal 

and ventral retinas at 2, 4, and 6 months. Red: 1D4. Blue: DAPI. INL: Inner nuclear layer. ONL: 

Outer nuclear layer. IS/OS: Inner/Outer segment. 

 

 

Figure 83: 1D4 staining in WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ female 
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3. Electron Microscopy 

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

(Sakami et al, 2011).   Utilizing EM in P63 RhoP23H/+ mice, they observed instances of 

perpendicularly-oriented discs, elongated discs, and vesicles within the OS disc area.  To 

investigate whether Sig1R activation attenuates this disorganization, I performed EM in 

WT and 4 month male and female RhoP23H/+ and RhoP23H/+ (+)-PTZ-treated retinas.  This 

age was selected because it was the first age at which benefit was observed in the OMR 

response and in the OCT measurements of ONL thickness. WT 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).  For the current work, EM images were analyzed for WT 

mouse retinas (Fig. 34).  As expected, the WT retinas had radially-oriented discs stacked 

upon each other; spacing was uniform (the inner segments are also well-organized (Fig. 

10).  

Regarding male RhoP23H/+ mice, EM images of the inner and outer segments are 

shown in figure 35. Selected areas are highlighted (red insets) and shown as increasing 

magnifications in adjacent panels. Regarding RhoP23H/+ male retinas, EM analysis showed 

inner segments that were similar to those of (+)-PTZ treated RhoP23H/+ mice (Figs. 35A, 

35D), however outer segments were fewer, they were markedly shortened, and thinner.  

In many areas, discs were disorganized in the non-treated group (this disorganization 

refers to the finding that RhoP23H/+ OS are not tightly stacked compared to WT and each 

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

the discs vary in width and are often broken off into vesicles (arrows Fig. 35C). Indeed, 
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in some places vacuolated areas have replaced the disorganized discs. In (+)-PTZ treated 

RhoP23H/+ mice, outer segments were not nearly as abundant as WT (compare Fig 35D to 

34A), however they were considerably more abundant than non-treated mice.  Moreover, 

they were often organized as tightly packed stacks of flattened discs.  While vesicles 

were occasionally observed, they were much less abundant than in non-treated mutants. 

Note several outer segments side by are evident in the (+)-PTZ treated RhoP23H/+ retina 

shown in figure 35D, which can be appreciated more in figure 35E and 35F. This level of 

outer segment integrity was observed throughout the retina. 

Regarding female RhoP23H/+ mice, EM images of the inner and outer segments are 

shown in figure 36. Selected areas are highlighted (red insets) and shown as increasing 

magnifications in adjacent panels. Regarding RhoP23H/+ female retinas, EM analysis 

showed inner segments that were similar to those of (+)-PTZ treated RhoP23H/+ mice 

(Figs. 36A, 36D), however outer segments were fewer.  The female RhoP23H/+ showed 

outer segment disorganization, with numerous vesicles replacing well organized disc in 

many regions. 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 minimal 

areas of disorganization were observed. Discs were often organized as tightly packed 

stacks of flattened discs.  Note closely packed outer segments are observed in female (+)-

PTZ treated RhoP23H/+ retina and are shown in figure 36D, which can be appreciated more 

in figure 36E and 36F. This level of outer segment integrity was observed through the 

retina. Observations were scaled using criteria described in the methods and organized 

for male and female in table 4 and 5, respectively. 
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Aim 3 showed activation of Sig1R modulates retinal architecture. Significant 

retention of ONL thickness, IS/OS length, and numbers of row of PRC nuclei was 

observed in both male and female RhoP23H/+ mice treated with (+)-PTZ. The presence of 

rod and cone PRCs was also observed in both male and female RhoP23H/+ mice regardless 

of (+)-PTZ treatment. Qualitatively, a marked retention of OS disc organization and 

number was observed in (+)-PTZ treated mutants. These results further support earlier 

findings that Sig1R activation can prolong retinal structure in a more slowly progressing 

mouse model of adRP. 

 

 

 

 

 

Figure 84: Transmission electron microscopy of WT mice. 

 

Figure 85: Transmission electron microscopy of WT mice. 

Transmission electron microscopy performed on WT retinas. Representative images of the PRC outer segments 

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

 

Figure 86: Transmission electron microscopy of male RhoP23H/+ and RhoP23H/+ + (+)-PTZ 

retinas.Transmission electron microscopy performed on WT retinas. Representative images of the PRC outer 

segments are shown. Insets show area of magnification that is visualized in the adjacent panel. 
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Table 4: Semi-quantitative analysis of PRC OS density and organization in male retina 

 

 

Table 5: Semi-quantitative analysis of PRC OS density and organization in female retina 

 

 

 

 

 

 

 

Transmission electron microscopy was performed in 4 month old male RhoP23H/+ and RhoP23H/+ + (+)-PTZ 

retinas. Semi-quantitative analysis was performed to assess OS density and organization and graded using the 

criteria described in the methods. 

 

 

Transmission electron microscopy was performed in 4 month old male RhoP23H/+ and RhoP23H/+ + (+)-PTZ 

retinas. Semi-quantitative analysis was performed to assess OS density and organization and graded using the 

criteria described in the methods. 

 
Transmission electron microscopy was performed in 4 month old female RhoP23H/+ and RhoP23H/+ + (+)-PTZ 

retinas. Semi-quantitative analysis was performed to assess OS density and organization and graded using the 

criteria described in the methods. 

 

 

Appendix B Figure 1: Scatter PlotTransmission electron microscopy was performed in 4 month old female 

RhoP23H/+ and RhoP23H/+ + (+)-PTZ retinas. Semi-quantitative analysis was performed to assess OS density and 

organization and graded using the criteria described in the methods. 
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DISCUSSION 

 Retinitis pigmentosa is a devastating group of inherited retinal diseases that have 

many causes and levels of severity (Retnet, van Soest et al, 1999).  Unfortunately, there 

are no effective treatments or cures for patients suffering from RP. A significant focus of 

the field is on the use of stem cell and gene therapy, but small molecule treatments are 

also promising.  They may allow for treatment of a wide variety of patients suffering 

from RP regardless of the mutation that induces disease. 

  Sig1R is a promising therapeutic target that has been implicated in 

neuroprotection in a variety of neurodegenerative diseases such as Parkinson’s disease 

and Alzheimer’s disease (Maurice et al, 1996; Maurice et al, 1998; Wang et al, 2003; 

Francardo et al, 2014).  Our lab and others are interested in whether Sig1R could also be 

neuroprotective within degenerative eye diseases such as retinitis pigmentosa.  Early 

research found that pre-treatment with a Sig1R ligand in a light induced retinopathy 

model could retain scotopic ERGs and decrease PRC loss (Shimazawa et al, 2015).  

Subsequent research found activation of Sig1R using (+)-PTZ is protective to cone PRCs 

in the rd10 mouse model (Wang et al, 2016).  This suggested the efficacy of Sig1R 

neuroprotection in two rapidly degenerating models.  In this thesis, I utilized a more 

slowly progressing model of RP to test how generalizable Sig1R activation was in 

protecting rod and cones. I also utilized the RhoP23H/+ mouse model to investigate whether 

this activation could preserve visual function.  It was unknown whether Sig1R could be 

neuroprotective in other genetic models of RP that progressed more slowly,  For these 

reasons, aim 1 sought to characterize the more slowly progressing, clinically relevant 

RhoP23H/+ mouse model of adRP as a potential new candidate to test Sig1R’s 
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neuroprotective benefits.  Aims 2 and 3 sought to investigate whether Sig1R activation 

altered retinal function and architecture, respectively. 

Experiments in the current study were performed to test the hypothesis that 

activation of Sig1R, in a model of autosomal dominant RP, will improve photoreceptor 

cell survival and prolong vision. Aim 1 was designed to investigate the retinal function 

and retinal architecture of the RhoP23H/+ mouse to establish the progression of the retinal 

degeneration.  

Aim 1 reflects a comprehensive study to assess functional and structural changes 

within the retina of the RhoP23H/+ mouse model over a 10 month period of time.  I 

evaluated retinal function and structure in vivo in WT and RhoP23H/+ mice utilizing three 

methods: Optomotor Response, Electroretinography, and Spectral-Domain Optical 

Coherence Tomography.  

Analysis of visual acuity using the optomotor response in RhoP23H/+ mice revealed a 

steady decline over a 10 month period of time when compared to WT mice.  

Interestingly, during the analysis of visual acuity, sexual differences in the RhoP23H/+ 

mouse model were observed.  The females appeared to degenerate at a more rapid rate 

when compared to males.  This is the first known report of sexual dimorphisms within the 

RhoP23H/+ model and evaluation of visual acuity utilizing the optomotor response. The 

slow progressive loss of visual acuity observed in this mouse model is similar to the 

standard presentation of human RP (Dias et al, 2017), which further supports our use of 

the RhoP23H/+ mouse in this study. We did not extend this study to an age when no   

optomotor response was detected (although it had diminished considerably by 10 
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months), but this could be pursued to determine when Sig1R activation is no longer 

beneficial.   

Although visual acuity had not been evaluated previously in the RhoP23H/+ mice, 

assessment of rod and cone function was investigated at the time the mouse model was 

created and reported.  Sakami et al 2011 reported a significant difference in RhoP23H/+ 

mice compared to WT at P40.  They also reported data for mice at P70, 170, 276.  To 

generate a more comprehensive analysis of ERG function, I evaluated mice, both male 

and female, over a 10 month period. 

Results showed a gradual decline in scotopic and photopic b-wave amplitudes when 

compared to WT.  In the Sakami paper, scotopic b-wave amplitudes at the intensity of log 

1.0 cd.s/m2 in the RhoP23H/+ mice were decreased by approximately 35% compared to WT 

as early as P40 (Sakami et al, 2011).  In a pilot study, I also evaluated RhoP23H/+ mice at 

P40 and found an approximate 33% decrease as well.  Photopic values at P40 were ~15% 

less in mutant mice than WT, while Sakami did not report a marked difference in 

photopic responses.  

The work reported herein describes ERG responses over 2-10 months. The male 

RhoP23H/+ mice demonstrated a decline in scotopic responses of ~100μV every two 

months through the 6 month time point and plateaued at ~50μV by 8 months. For 

photopic responses, mutant males demonstrated a gradual decrease in b-wave amplitudes 

over 2-6 months but were sharply reduced by 8 months compared to WT. 

Female mutant mice showed a greater deviation from age-matched WT at 2 months 

than did age-matched males. However, responses still declined by ~100μV over each two 

month interval through 6 months.  Scotopic responses were barely detectible at 10 
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months. Photopic responses declined more gradually than scotopic.  This work reports a 

comprehensive assessment of PRC function in RhoP23H/+ mice.  It should be noted that 

this study did not evaluate retinal electrophysiologic function comprehensively.  The 

work was limited to detection of scotopic and photopic responses.  It could be extended 

however to assessment of RPE function by determining the c-wave.  Ganglion cell 

function could be evaluated with pattern ERG (PERG) or by measuring negative scotopic 

threshold responses.  The visual evoked potential could also be investigated to 

determined visual transmission to the visual cortex in treated and non-treated mice. 

Finally, one of the assessments of visual function in the rd10 mouse treated with (+)-PTZ 

(Wang et al, 2016) utilized a novel assessment, that of the pseudorandom luminance 

noise test to assess responses at low temporal frequencies, which was first described by 

Saul and Still (2016) could be applied to this model as well.  

 As part of the comprehensive evaluation of the RhoP23H/+ retina, retinal architecture 

was analyzed using SD-OCT, a very powerful in vivo imaging technology to evaluate 

retinal structure. The resolution of the Bioptigen instrument used in this project is 

excellent for quantifying total retinal thickness and the thickness of nuclear layers. It is 

less reliable for the inner/outer segment lengths. In a pilot study I performed initially, it 

was clear that the thickness of the inner retina was similar between WT and mutant mice, 

however the cells within the outer retinal thickness were degenerating.  Leveraging the 

strengths of the SD-OCT instrument for nuclear layer assessment, the ONL thickness was 

quantified.  Given reported differences between dorsal and ventral retina (Sakami et al, 

2011), these areas were evaluated in each mouse examined.  For mutant males, the ONL 

was ~40% thinner than WT at 2 months, and 70% thinner at 4 months.  Over the next 6 
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months studied, male mice had lost ~92% of ONL in the dorsal retina and slightly more 

in the ventral retina. The ONL in females, in contrast, were ~60% thinner at 2 months 

compared to WT and ~80% thinner at 4 months. ONL thickness then decreased more 

gradually for the remainder of the study and was decreased ~90% in 10 month females 

(which was similar to males). As with males, the ventral retina ONL thickness decreased 

slightly faster than the dorsal retina.  This long term SD-OCT analysis of the RhoP23H/+ 

mouse retina provides confirmation of the loss of the PRC nuclear layer.   

There are several major observations in Aim 1.  First, aim 1 provides a 

comprehensive assessment of the structure and function of the RhoP23H/+ mouse retina. 

Second, this is the first report of sex differences in this mutant. Further studies need to be 

performed to address why sex differences were observed in this model, which may 

include investigating the role of hormones.  Third, this is the first report of visual acuity 

and long term analysis of retinal architecture in vivo in the RhoP23H/+ mouse. Aim 1 

confirms the gradual degeneration of the RhoP23H/+ mice over a 10 month period of time.  

This slower degeneration offered an excellent model to assess Sig1R neuroprotection, 

which was pursed in aims 2 and 3. 

Aim 2 investigated the consequences of Sig1R activation in the RhoP23H/+ model of 

retinal degeneration specifically examining mice in vivo.  The experimental paradigm 

used in the present study of RhoP23H/+ mice was similar to that used previously with rd10 

mice. Sig1R was activated using (+)-PTZ. Mice received (+)-PTZ injections IP beginning 

at P14.  The dosage of (+)-PTZ was the same and did not induce toxic side effects (such 

as hair loss, tremors, or death). The dosing was slightly different in that rd10 mice were 

injected every other day, whereas RhoP23H/+ mice were injected 3 times/week. The 
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rationale for a slightly reduced injection protocol was to reduce scarring with such a long 

period of injection for older mice. Whether an every-other-day regimen would have 

altered results is not known. 

Aim 2 was performed in living mice and offered considerable information about 

several parameters that can be considered “functional.” Obviously, determining how mice 

“see” as a consequence of Sig1R activation is not feasible. The optomotor response 

assessment offers a tool to investigate visual acuity. It is currently one of the few tools 

available to assess therapeutic efficacy in models of retinal disease. It has been widely 

used (Prusky et al, 2004; Larabee et al, 2016; Xiong et al, 2015) and importantly is highly 

reproducible. Many labs reported WT values of 0.4 c/d, which is what we observed.  The 

RhoP23H/+ mice that received (+)-PTZ showed retention of visual acuity that was 

significantly better than non-treated mice, especially in females at 8 and 10 months. 

These results support the hypothesis that Sig1R activation can afford neuroprotection in 

the more slowly progressing mouse model. 

The remaining studies evaluating retinal function and structure in vivo also support 

my hypothesis.  Scotopic ERGs were significantly better in males and females at 6 and 8 

months.  This suggests that rod and cone PRCs were preserved in this model when Sig1R 

was activated, which was not observed in rd10 mice treated with (+)-PTZ (Wang et al, 

2016; Wang et al, 2017).  It should be borne in mind that the rd10 mutation is 

homozygous, thus the cGMP-PDE mutation is present in every rod PRC and the 

degeneration occurs within a few weeks time, which is very rapid.  In contrast the 

RhoP23H/+ mutation affects half of the rod PRCs (RhoP23H/+ rather than RhoP23H/P23H), the 

resulting degeneration is slower and spans several months.  Our finding is very exciting 
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since loss of rod function is a feature of human adRP. Regarding photopic ERGs, there 

was a significant retention of photopic responses in RhoP23H/+ mice at 8 months in males 

and at 6 and 8 months in females. Preservation of cone function is paramount to retaining 

“best” visual function for patients as cones mediate color vision and allow humans to 

read and perform higher-level visual tasks.  It is acknowledged that by the age of 10 

months, scotopic and photopic responses were markedly decreased in mutants, even those 

injected with (+)-PTZ. Nevertheless, photoreceptor function was enhanced with Sig1R 

activation. 

The availability of SD-OCT to analyze the retinal structure provided important 

insights into benefits of Sig1R activation. In both males and females there was a 

significant increase in the thickness of the ONL. For males this was true at 4, 6, 8, and 

even 10 months. For females it was true at all ages evaluated (2, 4, 6, 8, 10 months). It is 

acknowledged that the ONL thickness declined considerably compared to WT even in 

(+)-PTZ-injected mice, but the preservation of the ONL at very late ages is exciting. 

Indeed, improvements were observed in the ventral retina as well as the dorsal. Thus, 

Sig1R activation offers pan-retinal protection. 

This is the first analysis of effects on retinal function when Sig1R is activated in a 

slower degeneration model of RP. The findings are promising for the field of therapeutic 

interventions using small molecule approaches. It is interesting to note that visual acuity 

at 10 months of age for both male and female treated mice was significantly retained 

when compared to non-treated mutants.  This is a dramatic retention when compared to 

other test such as scotopic and photopic ERG at the same age.  This may be due to the 

nature of the optomotor response which is driven by ON-direction-selective retinal 
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ganglion cells sending information to the accessory optic system and not the visual cortex 

(Kretschmer et al, 2017).  The test is also incorporating information from the retina as a 

whole and not just from one specific cell type like the ERG test.  This difference in 

retinal cell types tested could lead to the results observed here. 

 It is also curious that in the RhoP23H/+ model only the rod PRCs are mutated yet 

ERG data suggests the degeneration of both rod and cone PRCs is occurring. This is a 

field that needs further investigation to understand why the cone PRCs die even though 

they are not mutated.  There are several factors that may play into this.  First, it is well 

established in other mouse models of RP, such as the rd10, that due to the rapid loss of 

rod PRCs and the blood flow to the choroid not being auto regulated there is a high 

capacity for reactive oxygen species production.  This is believed to create a high 

oxidative environment that leads to cone PRC death (Chang et al, 1993; Tso et al, 1994; 

Carmody et al, 2000; Donovan and Cotter, 2002; Doonan et al, 2003; Kunchithapautham 

and Rohrer, 2007).  Since most of the models investigated in these studies had rapid 

retinal degenerations, it is more likely that the slow degeneration of the RhoP23H/+ leads to 

a low level of chronic stress which could be investigated. Second, rod PRCs are known to 

secrete a cone survival factor (rod-derived cone viability factor (RdCVF)) (Aϊt-Ali et al, 

2015).  If this factor is involved in this model there could be a deficit in this pathway. 

Third, it has not been well established in the field whether the RPE properly phagocytosis 

OS shed discs or has properly functioning enzymes to convert all-trans retinol back to 

11-cis-retinal (Strauss 2005).  This plays a major role in the maintenance of rod and cone 

function and OS length which could be further investigated as a possible cause of both 

rod and cone degeneration observed here. 
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Aim 3 investigated the consequences of Sig1R activation on retinal structure in 

RhoP23H/+ mice. Histologic studies were performed using retinal cryosections for light 

microscopic analyses and Epon-Araldite embedded sections for electron microscopic 

studies.  The histological assessment of the retina was the logical extension of the 

functional studies performed for aim 2. Indeed, over the past several decades (aside from 

ERG studies), histological analysis has been the “gold standard” by which therapeutic 

intervention strategies were judged in retinal disease models. Many retinal degeneration 

models have been evaluated for the integrity of retinal layers and prior to development of 

commercially available instruments to assess visual acuity or retinal structure in living 

animals, conclusions about the visual function relied heavily on the histological and 

morphometric evaluations. 

In histologic analysis comparing the non-treated RhoP23H/+ mouse with (+)-PTZ 

treated animals, the thickness of the entire retina was decreased by ~20% as early as 2 

months in mutant mice regardless of (+)-PTZ treatment. This did not reflect decreased 

thickness in all nuclear and plexiform layers rather the major differences were observed 

in the ONL and the IS/OS segments. That is, at 2 months, the ONL was ~30% thinner in 

mutants compared to WT and IS/OS length was ~40% shorter than WT in males (and 

thinner yet in females). The number of rows of PRC nuclei at two months was 

approximately half in mutants compared to WT. As mice aged and outer retina 

degeneration worsened, the benefits of Sig1R activation was apparent in males at 4 and 6 

months for measurements of ONL thickness, IS/OS length, rows of nuclei, but no longer 

at 8 and 10 months. In females, the only age at which histologic assessment suggested an 

improvement due to (+)-PTZ treatment was 6 months (where IS/OS length was longer 
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and more rows were present in the dorsal retina). 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). 

In comparing conclusions from light microscopic morphometric analyses to the in 

vivo measurements of ONL utilizing SD-CT (conducted in aim 2), significant 

improvement in ONL thickness was evident by OCT through 8 and 10 months in males 

and females despite the less-than-robust protection observed histologically.  Interestingly, 

as noted in aim 2 (ERG studies) rod and cone function was preserved in (+)-PTZ-treated 

mice at least through 8 months. The immunohistochemical analyses performed in retinal 

cryosections detected rod and cones. These results are consistent with ERG data. Thus, 

analyzing mice comprehensively with multiple tools affords a clearer picture of 

consequences of therapeutic intervention than would be achieved with only one or two 

assessments.  An extension of the immunohistochemical analysis would be to include 

detection of other neuronal (and glial) cell types using specific antibody markers.  Little 

is known to date about the numbers of ganglion cells, bipolar cells, amacrine cells, 

horizontal cells, Müller cells, or astrocytes.  It is known that more severe models of RP 

(such as the rd10) eventually show loss of neurons within the inner retina and this could 

be investigated in the RhoP23H/+ mutant as well, but was not investigated in the present 

study.  

The light microscopy studies were complemented by electron microscopic analyses. 

Earlier work had described disorganization of OS discs in the RhoP23H/+ mutant (Sakami 
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et al, 2011). The EM analysis performed for this project focused on this retinal region as 

well. Studies of WT confirmed the exquisite organization of the discs along with their 

abundance. EM analysis of RhoP23H/+ mice in our colony confirmed previously reported 

disc integrity in (+)-PTZ-treated mice both male and female. To my knowledge, this is 

the first report that Sig1R activation can preserve disc structure in the retina.  Ideally, it 

would be informative to assess at the EM level many mice at each of the ages evaluated 

for visual function.  Unfortunately, the costs of such an extensive analysis preclude such 

a study.  This was the rationale behind performing studies at 4 months, just slightly 

before major histologic disruption was observed in the mutant.  It is interesting why 

disorganization was not observed as often in the RhoP23H/+ mice treated with (+)-PTZ.  In 

this mouse model the mutant rhodopsin is misfolded and if it is not refolded or degraded 

it can be shuttles out to the OS and be incorporated into the discs.  The proper shape of 

the rhodopsin is critical to the maintenance of the OS disc shaped.  This observation may 

be due to Sig1R modulation. It is known that Sig1R can be involved with protein folding 

mechanisms and proteasome degradation where it could act as an additional check point 

to ensure the proper folding or degradation of the mutant protein, which could lead to the 

improved OS disc organization observed here.  Further testing would be needed to 

validate this hypothesis. 

This work provides evidence that Sig1R activation can delay PRC degeneration in 

the RhoP23H/+ mouse. The work 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. One key aspect of the study was 

that analysis was performed in a mouse whose retinal dystrophy mimics human 
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autosomal dominant RP in several ways. The more slowly progressing loss of ERG 

function over many months is similar to patients carrying the RhoP23H/+ mutation. The 

dorsal-ventral difference in rate of PRC degeneration is similar to the superior-inferior 

differences observed in humans. The more pronounced degeneration observed in female 

RhoP23H/+ mice has not been reported in human RHOP23H/+ patients. 

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. It is thus important to understand 

how long therapeutic strategies can afford benefit. There have been a few recent studies 

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

Palczewski laboratory), however none of them describe 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 PRC 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 selected ages. 
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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 (Su 1982). It is the prototypical 

Sig1R agonist. However, it may not be ideal since it can have undesirable side effects if 

abused (i.e. used in excessive quantities). My studies using a very low dosage did not 

reveal toxic side effects, but it is worth considering assessment of newer Sig1R ligands. 

For example, there are exciting data from the Levin lab showing that a new Sig1R ligand, 

pridopidine, was effective in protecting retinal ganglion cells in two rodent models of 

glaucoma (Geva et al, 2021). Evaluation of a new compound such as this could also be 

focused on a few select ages in RhoP23H/+ mice to yield results more rapidly. 

Other areas of future investigation of Sig1R neuroprotection in RhoP23H/+ mice could 

address outer segment renewal, shedding and phagocytosis, which are essential for 

normal retinal function. Again, it is hoped that the data generated for this dissertation will 

form the scaffold upon which these and other key questions can be investigated.
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SUMMARY 

 This study reports a comprehensive assessment of retinal function and structure of 

the RhoP23H/+ mouse model. WT and RhoP23H/+ mice were evaluated using OMR, ERG, 

and SD-OCT. A gradual decline in retinal function was observed in both male and female 

mice.  Visual acuity showed a gradual decline through 10 months.  Remarkably, visual 

acuity was still detectible through 10 months in both male and female mutant mice, albeit 

significantly declined. RhoP23H/+ mice showed a gradual decline in scotopic and photopic 

response through 8 months but were sharply reduced by 10 months. Interestingly, females 

appeared to degenerate more rapidly than males. This is the first known report of sex 

differences in the RhoP23H/+ mouse model. 

 To our knowledge this study provides evidence of the neuroprotective benefit of 

Sig1R activation in a slowly progressing model of adRP. RhoP23H/+ and RhoP23H/+ mice 

treated with (+)-PTZ were evaluated using OMR, ERG, SD-OCT as well as histological 

analyses. Significant retention of retinal function was observed in both male and female 

RhoP23H/+ mice treated with (+)-PTZ. This was evident by the significantly improved 

visual acuity in males and females at 10 months, where female visual acuity was ~50% 

higher in (+)-PTZ-treated mice.   In addition to improved visual acuity, male and female 

RhoP23H/+ mice treated with (+)-PTZ showed significant retention of scotopic and 

photopic amplitudes at 6 and 8 months, suggesting a preservation of both rod and cone 

PRCs. Further results revealed significant retention of the retinal structure in vivo, 

specifically in ONL thickness through all 10 months tested. 

 Histological assessments revealed significant retention of the ONL thickness, 

IS/OS length, and number of row of PRC nuclei at 6 months in both male and female 
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RhoP23H/+ mice treated with (+)-PTZ.    Immunohistochemical analyses detected the 

presence of both rod and cone PRCs through 6 month in both male and female mutants 

regardless of (+)-PTZ treatment further supporting in vivo ERG results.  (+)-PTZ treated 

mutant mice had improved OS organization and greater OS number compared to non-

treated mutant mice. To my knowledge this is the first report of the preservation of disc 

organization in (+)-PTZ treated mice. 

 Collectively, the in vivo and in vitro studies described in this thesis illustrates the 

neuroprotective benefit of Sig1R activation in a slow progressing mouse model of adRP. 

These results hold promise for the use of Sig1R as a small molecule therapeutic and 

forms the foundation upon which other key questions can be investigated.
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APPENDIX A 

A new method for orienting mouse eyes for transmission-electron microscopy 

was developed during this PhD thesis project.  Appendix A aims to describe in detail how 

to perform this technique for future users. 

Initial eye processing and fixation is shown in appendix figure 1 and eye 

orientation for embedding is shown in appendix figure 2.   A stereo scope was utilized to 

visualize the eye of a euthanized mouse (Appendix A Fig. 1A).  A GEMINITM Cautery 

Pen System was utilized to place a small burn at the nasal limbus (Appendix Fig. 1B). 

Eyes were removed from WT, RhoP23H/+, and RhoP23H/+ + (+)-PTZ mice and placed 

immediately in 2% paraformaldehyde/2% glutaraldehyde in 0.1 M cacodylate buffer for 1 

hour. Eyes were then pierced at the limbus using a razor blade and left in fixative for 1-2 

weeks (Appendix A Fig. 1C). Eyes were then viewed under the dissection scope to place 

a surgical stitch (SofsilkTM, Cat. S-1172, Covidien, Mansfield, MA) at the level of the 

burn on the cornea (Appendix A Fig. 1D).  Care was taken to ensure the stich went only 

through the cornea and was not pulled taut to prevent wrinkling of the eye cup. Eyes were 

then processed for electron microscopy by the Augusta University Electron Microscopy 

and Histology Core Facility as described in the methods section. Eyes were oriented in 

embedding molds with the stitch oriented forward (Appendix A Fig. 2A-B). The block 

was trimmed into a trapezoid shape that could be observed under a light microscope to 

allow for orientation of eye during imaging (Appendix A Fig. 2C). The short side of the 

trapezoid denoted the dorsal retina and the long side denoted the ventral retina (Appendix 

A Fig. 2D).  Eye were then further processed for EM as described in the methods section.
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APPENDIX B 

 
Appendix B Figure 1: Scatter Plot Figure 12 

 

Appendix B Figure 1: Scatter Plot Figure 12 
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Appendix Figure 2: Scatter Plot Figure 13 

 

Appendix B Figure 2: Scatter Plot Figure 13 
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Appendix Figure 3: Scatter Plot Figure 14 
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Appendix Figure 4: Scatter Plot Figure 15 

 

Figure 90: Analysis of scotopic responses in female WT and RhoP23H/+ mice. Scatter Plot 
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Appendix Figure 5: Scatter Plot Figure 16 

 

Figure 91: Analysis of photopic responses in female WT and RhoP23H/+ mice. Scatter Plot 
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Appendix Figure 6: Scatter Plot Figure 17 

 

Figure 92: SD-OCT analysis of retinal ONL thickness in male WT and RhoP23H/+ mice. Scatter Plot 
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 Appendix Figure 7: Scatter Plot Figure 18 

 

Figure 93: SD-OCT analysis of retinal ONL thickness in female WT and RhoP23H/+ mice. Scatter Plot 
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Appendix Figure 8: Scatter Plot Figure 19 

 

Figure 94: Visual acuity in RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. Scatter Plot 
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Appendix Figure 9: Scatter Plot Figure 20 

 

 

Figure 95: Analysis of scotopic responses in male RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. Scatter Plot 
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Appendix Figure 10: Scatter Plot Figure 21 

 

 

Figure 96: Analysis of photopic responses in male RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. Scatter Plot 
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Appendix Figure 11: Scatter Plot Figure 22 

 

Figure 97: Analysis of scotopic responses in female RhoP23H/+ and RhoP23H/+ + (+)-PTZ mice. Scatter Plot 
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Appendix Figure 12: Scatter Plot Figure 23 
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 Appendix Figure 13: Scatter Plot Figure 24 
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 Appendix Figure 14: Scatter Plot Figure 25 

 



133 

 

 

 

 

Appendix Figure 15: Scatter Plot Figure 28 
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Appendix Figure 16: Scatter Plot Figure 28 Cont. 
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Appendix Figure 17: Scatter Plot Figure 29 
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Appendix Figure 18: Scatter Plot Figure 29 Cont. 

 


