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THE UNFOLDED PROTEIN RESPONSE AND CALCIUM DYSREGULATION IN 

AUTOSOMAL DOMINANT RETINITIS PIGMENTOSA ANIMAL MODELS. 

  

 

VISHAL SHINDE 

 

SCHOOL OF OPTOMETRY – VISION SCIENCE 

 

ABSTRACT  

 

 

 

The photoreceptor cell death in autosomal dominant retinitis pigmentosa (ADRP) is 

associated with molecular changes that occur due to mutations in a specific gene. S334ter 

RHO and P23H RHO are two ADRP rat models expressing mutant rhodopsin. The 

unfolded protein response (UPR) is a cellular stress response involved in the 

pathophysiology of several retinal disorders including P23H RHO rats. Considering our 

previous findings, we started our investigation by examining the status of UPR in S334ter 

RHO rats. As UPR tightly regulates several signaling pathways, we further studied whether 

UPR activation in S334ter and P23H RHO retina is accompanied by the changes in other 

cellular pathways such as autophagy, inflammation, calcium signaling and mitochondria 

dependent and independent apoptosis. 

By gene and protein expression profiling in S334ter RHO retina, we demonstrated the 

activation of UPR at postnatal day (P) 15. We have also noticed that activated UPR in 

S334ter RHO is accompanied with alterations in the expression of BCL2 family genes, 

oxidative stress associated genes and caspases.  

In P23H RHO retina we examined the changes in autophagy, mTOR/AKT and BCL2 

family proteins. Our data demonstrated that P23H RHO retina experiences significant 

decline in the expression of autophagy associated proteins whereas marked overproduction 
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in mTOR, which is a negative regulator of autophagy. We have observed a delay in retinal 

degeneration in P23H rats upon the modulation of mTOR with rapamycin. 

The UPR and calcium dysregulation are tightly linked mechanisms, therefore we validated 

whether both the ADRP model retinas experience a dysregulation in calcium homeostasis. 

Through retinal calcium imaging we noticed an elevated cytoplasmic Ca2+ in both ADRP 

model retinas together with calpain activation. After examining the activity of several 

calcium sensing proteins and calcium channels, we validated that UPR induced ER Ca2+ 

depletion plays a significant role in the progression of retinal degeneration in S334ter and 

P23H RHO retinas. In a series of experiments in both ADRP model retinas, we have also 

found disrupted mitochondrial permeability, which can trigger apoptotic events. 

Our study has revealed several novel potential therapeutic targets from UPR, apoptotic and 

calcium regulatory pathways. Modulation of these molecular targets could potentially 

reduce the rate of retinal degeneration. 
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CHAPTER 1 

GENERAL INTRODUCTION 

 

Retinitis Pigmentosa 

Retinitis Pigmentosa (RP) is a heterogeneous group of inherited retinal dystrophies 

characterized by progressive photoreceptor cell death with a prevalence of 1 in 4000 

individuals affected in a general population [1]. The function of photoreceptor cells is to 

capture and process light (photons) which ultimately translates into a visual impulse. In 

most cases symptoms of RP usually manifest during childhood and/or young adults, with 

progressive deterioration of photoreceptors in adult life. Degeneration of the retina begins 

in the midperiphery of the fundus and then gradually advances towards the macula and 

fovea. There are two main types of photoreceptors, rods and cones. While cones are 

primarily required for daytime vision, rods primarily function during less intense light. 

Typical RP is described as rod-cone dystrophy, affecting rod photoreceptors at the initial 

phase in which night blindness is the first symptom, followed by peripheral vision loss. On 

the other hand, cone-rod dystrophy is another form of RP affecting central vision first [1-

3]  

Symptoms 

In an early stage of RP, night blindness is the main symptom; nevertheless, patient still has 

a relatively normal life. At this stage it is difficult to establish the diagnosis since fundus 

examination and optic disc seems to be normal. Obvious night blindness with difficulties 
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to drive and walk during night are prominent symptoms of mid stage RP. Clinical picture 

is clear at this stage as fundus examination reveals bone spicule shaped pigment deposits 

in the retina along with changes in the optic disc and narrowing of retinal blood vessels. 

Patient can no longer move autonomously because of complete loss of peripheral vision 

(tunnel vision) at the later stage of RP. Fundus examination at this stage shows widespread 

pigment deposits all over the retina. Reading is difficult and magnifying glasses are 

necessary. Reading becomes impossible once central vision is affected [1,2]. 

Genetics  

RP is a genetic disorder inherited in autosomal dominant, autosomal recessive or X linked 

manner [4]. Majority of the genes associated with RP are expressed either in photoreceptors 

or retinal pigment epithelium (RPE). These known genes can be grouped into several 

functional classes: 1) RHO, PDE6alpha, PDE6beta, CNGA1 genes involved in the visual 

cascade 2) RPE65, ABCA4, RBP4 genes participating in the visual cycle 3) RDS and 

ROM1 genes encoding cell-surface proteins from tetraspanins family 4) NRL and CRX 

photoreceptor transcription factors 5) and genes involved in mitochondrial metabolism [3].  

Diagnosis 

Preliminary diagnosis of RP is based on the presence of night blindness, peripheral visual 

field defects, and lesions in the fundus and progressive elevation in these signs over the 

time. Full field Electroretinography (ERG) is a key diagnostic test, especially when patients 

are asymptomatic. A definitive clinical diagnosis requires a diagnostic test one or two years 

after first signs of symptoms. Due to huge heterogeneity of the disease, usually, a systemic 
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molecular diagnosis is not routinely performed, however, few laboratories perform 

molecular diagnostic tests and search for mutations in the most frequently involved genes. 

Treatment 

Presently there is no recognized treatment for RP, except for some very limited success 

that has been observed with vitamin A supplements. Due to lack of definitive diagnostic 

procedures and effective treatment, RP disease progression is an area of active biomedical 

research. Currently there are several therapeutic modalities under intense investigation, 

which primarily utilize data gathered from the research on different animal models of the 

disease. The potential treatment options include gene therapy, neurotropic factors, 

antiapoptotic agents and dietary supplements. Significant technological advances have 

been achieved in the area of stem cell therapy, retinal transplants and retinal implants which 

have a potential to prevent the progression of RP. 

Rhodopsin 

There are multiple genetic mutations which can cause RP phenotype. The autosomal 

dominant form of RP (ADRP) is associated with mutations in at least 14 different genes. 

Mutations in the rhodopsin gene (RHO, OMIM 180380, accession ID U49742) are the 

most prevalent mutations identified to date resulting in 30% to 40% of all ADRP cases [5]. 

Rhodopsin (RHO) is a G protein coupled receptor protein that functions as a light sensor 

in photoreceptor. Over 120 mutations in RHO have been detected which can cause RP 

phenotype [6].  

Rhodopsin is a transmembrane photopigment consisting of protein moiety opsin and 

reversibly bound chromophore retinal located in the stack of disc membrane present in the 
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outer segment of rod cells. Morphologically, rod cells have two distinct regions – an outer 

and inner segment. The outer segment of rods, which is responsible for photo-transduction, 

houses the rhodopsin molecule. The inner segment of the rods is connected to the outer 

segment through ciliary processes that contain the metabolic machinery necessary for rod 

cell homeostasis [7].  

Rhodopsin is synthesized in ER and transported to the outer segment through Golgi [7]. It 

is an integral membrane protein consisting of the extracellular surface domain, the 

membrane embedded domain and intracellular surface domain [8]. The extracellular 

domain is important for proper folding of the receptor which allows cellular processing and 

chromophore binding [9]. The intracellular domain is responsible for rhodopsin sorting and 

targeting. The membrane embedded domain is made up of seven transmembrane alpha 

helical segments which contain the binding site for the chromophore, retinal [8].  

When light hits a rhodopsin protein from rod cell, a photon get absorbed which results in 

isomerization of 11-cis retinal to all-trans retinal. This triggers change in the rhodopsin 

conformation which activates transducing, resulting in closure of ion channels from outer 

segment. This in turn hyperpolarizes the plasma membrane and initiates a signaling of 

second order neurons. Activation of a single rhodopsin molecule by a single photon is 

capable of preventing the entry of 107 cations into the rod cell. During this 

phototransduction event 11-cis retinal isomerizes to all-trans retinal and dissociates from 

opsin moiety. The all-trans retinal is converted to cis-retinal through a series of enzymatic 

reactions, which binds to opsin and rhodopsin is regenerated. 

Several point mutations in an extracellular or cytoplasmic domains of rhodopsin can cause 

RP phenotype and are linked to autosomal dominant retinitis pigmentosa (ADRP). 
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Classification of rhodopsin mutations has been done based on their in vitro properties when 

expressed in cultured epithelial cells [10] [11]. The mutant rhodopsin is classified as class 

1 and class 2 mutants. Class 1 mutants resemble wild-type rhodopsin in expression levels, 

folding properties and form a functional photopigment whereas class 2 mutants exhibits 

low expression level, less stability and varied functional characteristics, and inefficient 

transport to the plasma membrane. Class 2 mutants also tend to misfold and are retained in 

the ER. 

P23H and S334ter RHO Rat Models 

 P23H rhodopsin is a classic example of class 2 mutant which is a leading cause of RP in 

the North America and the first ADRP mutation to be identified [12]. The P23H RHO 

exhibits characteristic of toxic gain of function and dominant negative mutation [13]. In 

P23H RHO, proline at position 23 of N-terminal is replaced by histidine. In wild type 

rhodopsin, Pro-23 interacts with tyrosine at position 102, an interaction that is necessary to 

maintain a proper orientation of rhodopsin structure. Several studies suggest that the 

pathogenicity of P23H RHO is associated with visual transduction because P23H RHO 

traffics normally to the outer segment of photoreceptors [14] [15]. Few other studies 

suggest that misfolding of P23H RHO is a major cause of retinal cell death since in vitro 

expression of P23H RHO affects normal protein degradation, which results in the 

formation of aggresomes in cells [16] [17]. Furthermore, some investigations have also 

shown that misfolded P23H RHO can disrupt outer segment disc formation [18] [19]. In 

cultured cells, P23H RHO is retained in ER which induces the activation of the unfolded 

protein response (UPR) and apoptosis [18,20,21]. P23H RHO also affects the trafficking 

of wild type rhodopsin which implies a classic dominant negative effect. Several 
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conflicting interpretations of P23H RHO localization in retina have been reported claiming 

the accumulation of P23H RHO at photoreceptor nerve terminal and photoreceptor outer 

segment [14] [22].  

The carboxyl terminal domain of rhodopsin is necessary for its transport to rod outer 

segment containing post Golgi trafficking signal of rhodopsin and phosphorylation sites 

for rhodopsin kinase. The C- terminal point mutations in rhodopsin include P347L, P347R, 

P347S and V345M. S334ter and Q334ter mutations in rhodopsin result in a C-terminal 

truncation. Similarly, intron splice mutation (N88) is thought to remove the entire C- 

terminal of rhodopsin [11,23]. S334ter RHO mutation results in the expression of a 

rhodopsin protein that lacks the 15 C-terminal amino acids that are involved in rhodopsin 

trafficking to the photoreceptor outer segments and in the deactivation of the rhodopsin 

protein after light absorption. A previous study conducted using this rat model expressing 

S334ter RHO demonstrated that the nature of the rhodopsin sorting defect, but not the 

constitutive activation of the phototransduction cascade, contributes significantly to 

apoptosis [24]. 

The transgenic rats, expressing mutant P23H RHO or S334ter RHO shows gradual retinal 

cell death and decline in the retinal function which can be easily tracked by 

electroretinography (ERG). This fact makes them particularly useful models to investigate 

the molecular mechanism involved in the pathogenesis and progression of ADRP. Several 

complex molecular pathways regulate the retinal cell death during the progression of RP. 

It seems clear that the multiple cellular pathways such as ER stress, oxidative stress, 

inflammation, autophagy, and mitochondria dependent and independent apoptosis drive 

the retinal cell death in RP. However, the relationship between the genetic defects which 
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cause RP and the corresponding activated cellular mechanisms have not been investigated. 

Here we have studied the involvement of several molecular pathways in photoreceptor cell 

death of S334ter and P23H RHO retinas. 

Aberrant protein conformation is a leading cause of RP progression, and endoplasmic 

reticulum (ER) monitors the protein conformation, which makes ER a very interesting 

organelle to investigate molecular mechanisms in RP. It has been shown that ER retention 

of P23H RHO activates unfolded protein response (UPR) [18,20,21] and the modulation 

of UPR can restore the visual function in P23H RHO rat retinas [25]. Interestingly, several 

studies have also demonstrated the involvement of UPR in retinal degeneration [26,27]. In 

Chapter 2, we have investigated whether UPR-associated signaling is activated during 

S334ter RHO photoreceptor degeneration and assessed the involvement of additional 

cellular pathways such as mitochondria induces apoptosis, oxidative stress and ERAD 

associated pathway. 

 

UPR Activation Schematic. 
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The primary purpose of UPR activation is to reestablish cellular homeostasis and resolve 

the cellular stress. A failure to restore this homeostasis can redirect UPR towards cellular 

apoptosis. UPR functions to resolve cellular stress through the activation of pro–survival 

autophagy pathway. In the 3rd chapter, we have investigated whether UPR activation in 

P23H RHO retinas is accompanied by changes in autophagy and mTOR/AKT signaling. 

We have also investigated if the alteration of mTOR/AKT could prevent the rate of retinal 

degeneration in P23H RHO rats. While investigating the role of autophagy in both ADRP 

rat models we found that autophagy signaling has been altered in P23H RHO retinas but 

not in S334ter RHO.  

It is known that the ER serves as the primary store of the calcium in the cell. The secondary 

messenger Ca2+ is known to participate in a wide variety of physiological functions, 

including signal transduction, muscle contraction, protein and hormone secretion. The 

normal ER functions to regulate intracellular Ca2+, protein synthesis, gene expression, 

secretion, metabolism, and apoptosis [28]. The ER disturbance results in extra release of 

ER Ca2+ into the cytosol, after which free Ca2+ can either be transported to the mitochondria 

or directly activate cytotoxic cellular pathways [29]. Previously, in both the ADRP rat 

models, we have investigated the activation of UPR, which is a sign of the malfunctioning 

of ER. In Chapter 4, we have deciphered the role of ER Ca2+ depletion during the 

progression of RP in S334ter and P23H RHO retinas. Here we have successfully 

demonstrated that activated UPR significantly contributes to cytoplasmic Ca2+ overload 

which can drive photoreceptor cell death in ADRP retinas. 
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ER STRESS IN RETINAL DEGENERATION IN S334TER RHO RATS  

 

Abstract 

The S334ter rhodopsin (RHO) rat (line 4) bears the rhodopsin gene with an early 

termination codon at residue 334 that is a model for several such mutations found in human 

patients with autosomal dominant retinitis pigmentosa (ADRP). The Unfolded Protein 

Response (UPR) is implicated in the pathophysiology of several retinal disorders including 

ADRP in P23H Rho rats. The aim of this study was to determine if UPR is activated in 

ADRP animal models and to investigate how the activation of UPR molecules leads to the 

final demise of S334ter RHO photoreceptors. RT-PCR was performed to evaluate the gene 

expression profiles at postnatal day (P) 10, P12, P15, and P21 in S334ter Rho 

photoreceptors. We demonstrated that during P12–P15 period, ER stress-related genes 

were strongly upregulated in transgenic retinas, resulting in the activation of the UPR 

which was confirmed using western blot analysis. The activation of UPR was associated 

with the elevated expression of JNK, Bik, Bim, Bid, Noxa, and Puma genes and increased 

calpain activity accompanied with cleavage of caspase-12. We have also demonstrated that 

mitochondrial permeability has been compromised in S334ter RHO retina resulting in 

release of AIF and cytochrome C in the cytosol. 
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Introduction 

 

Retinitis pigmentosa (RP) is an inherited retinal disorder that is caused by the progressive 

loss of rod and cone photoreceptors with clinical hallmarks that include sensitivity to dim 

light, abnormal visual function and characteristic bone spicule deposits of pigment in the 

retina [1]. This disease affects approximately 1 in 3200, and an estimated 1.5 million people 

are affected worldwide. The autosomal dominant form of RP (ADRP) is associated with 

mutations in at least 14 different genes; however, mutations in the rhodopsin gene (RHO, 

OMIM 180380, accession ID U49742) are the most prevalent mutation identified to date 

resulting in 30% to 40% of all ADRP cases [2], [3]. 

S334ter rhodopsin (RHO) rats (line 4) express rhodopsin gene containing an early 

termination codon at residue 334 and is a model of a number of RHO truncation mutations 

in human RP patients (http://www.ask.com/wiki/Retinal_Degeneration 

(Rhodopsin_Mutation). This mutation results in the expression of a rhodopsin protein that 

lacks the 15 C-terminal amino acids that are involved in rhodopsin trafficking to the 

photoreceptor outer segments and in the deactivation of the rhodopsin protein after light 

absorption. A previous study conducted using this rat model demonstrated that the nature 

of the rhodopsin sorting defect, but not the constitutive activation of the phototransduction 

cascade, contributes significantly to apoptosis by interfering with the normal cellular 

machinery in the post-Golgi transport pathway or in the plasma membrane [4]. The study 

also revealed a correlation between the severity of mis-sorting of the truncated rhodopsin 

protein and the rate of cell death in these animals. Although the primary cause of 

http://www.ask.com/wiki/Retinal_Degenera​tion
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degeneration in the S334ter-4 RHO photoreceptors has been identified, the precise 

mechanism responsible for triggering the apoptotic cascade remains unknown. 

 

The apoptotic death of photoreceptor cell is the cornerstone of the pathophysiological 

process in RP [5], [6]. Although the role of caspases in the execution of apoptosis in retinal 

degeneration has been demonstrated, the process has not been fully investigated. Moreover, 

conflicting data has been published regarding the pro-apoptotic cellular signals that lead to 

the deterioration of photoreceptor cells. These studies indicate that diverse cellular 

pathways are involved in the demise of photoreceptor cells; for example, two independent 

caspase activation pathways (the cellular stress response and the death receptor pathway) 

have been identified in the rd mouse model [7]. However, a separate study of the rd mouse 

suggests that cell death occurs through the caspase-independent pathway, and the DNA 

cleavage originates independently of caspase-9, -8, -7, -3, and -2 activation and cytochrome 

C release [8]. Another study demonstrates that in S334ter-4 Rho retinas, apoptosis 

contributes to the progression of retinal degeneration. [9], [10].  

Recently, it has been proposed that the death of RP photoreceptors may involve multiple 

mechanisms, including caspase-dependent and caspase-independent pathways. Due to their 

energy production and calcium homeostasis properties and their ability to 

compartmentalize cell death activators, mitochondria play a central regulatory role in this 

process [11], [12]. In addition, the activation and translocation of AIF (apoptosis-inducing 

factor) from the mitochondria and the translocation of caspase-12 (ER stress-associated 

caspase) to the nucleus in dying photoreceptors suggests that there is a link between the 
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mitochondrial caspase-independent pathway and the endoplasmic reticulum (ER) stress 

signal in the cytoplasm [12]. These studies suggest that the ER stress response is involved 

in the pathological events of ADRP photoreceptors. Therefore, it will be important to 

determine if mislocalized truncated proteins, as compared to misfolded truncated proteins, 

are involved in the retinal pathology of S334ter-4 RHO rats. 

Recently, many studies have examined the involvement of the ER stress response or the 

unfolded protein response (UPR) in retinal degeneration [13], [14], [15], [16], [17]. In a 

previous study, we suggested that the UPR is involved in ADRP progression in P23H 

RHO-3 transgenic rats and that over-expression of the Bip/Grp78 protein reprograms the 

UPR and protects the P23H RHO photoreceptors from degeneration [16]. The activation 

of the UPR in the S334ter-4 RHO rat model has never been analyzed in detail therefore we 

investigated how the UPR contributes to the degeneration of S334ter-4 RHO 

photoreceptors. Our interest has been fueled by a previous study in S334ter-4 RHO rats 

demonstrating that the truncated S334ter-4 rhodopsin protein is retained in the cytoplasm 

or is associated with the cell membrane [4]. In addition, we are interested to determine if 

the activation of the ER stress signal in this model initiates apoptosis and if there is a 

dynamic link between the activation of the UPR and mitochondria-induced apoptosis. 
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Materials and Methods 

 

Ethics statement 

The animal protocol was carried out with approval from the Review Board for Animal 

Studies at the University of North Texas Health Science Center (Approval Number # 

2009/10-46-AO5) and in accordance with the guidelines of the Association for Research 

in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision 

Research. All efforts were made to minimize the number and the suffering of the animals 

used. 

Animal model 

Homozygous S334ter rhodopsin transgenic rats (line 4) were maintained in the UNTHSC 

housing facility and were bred with WT Sprague-Dawley (SD) rats to generate 

heterozygous S334ter-4 rhodopsin rats. Therefore, the SD rats were used as WT controls 

in our experiments. The animals were sacrificed on P10, P12, P15, P18 and P21 for RNA 

and protein analyses. All rats were maintained in specific pathogen-free (SPF) conditions 

with a 12-hour light and 12-hour dark daily cycle. 

RNA preparation and Real-Time PCR Analysis 

Retinas from SD and S334ter-4 rats at P10, P12, P15, P18 and P21 of development were 

isolated. Total RNA was isolated from the individual retinas from each strain using an 

RNeasy Mini kit (Qiagen, Valencia, CA) (P10, N = 4; P 12, N = 6; P15, N = 5, P18 N = 6; 
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P21, N = 6). Using individual retinal extracts of SD and S334ter-4 Rho retinas and a high 

capacity cDNA Reverse transcription Kit (Applied Biosystems); two cDNAs were 

prepared from each RNA sample. Each cDNA (10 ng) was subjected to qRT-PCR using 

Applied Biosystems TaqMan assays on 96-well plates (validated for each selected gene) 

on a One Step Plus instrument (Applied Biosystems, Foster City, CA) to compare the 

number of cycles (Ct) needed to reach the midpoint of the linear phase. All observations 

were normalized to the GAPDH housekeeping gene. The replicated RQs (Relative 

Quantity) values for each biological sample was average. Biological samples from each 

strain were used for the qPCR data analysis. A semi-quantitative RT-PCR analysis of 

spliced Xbp1 was performed as described [70]. Quantification of the spliced portion of the 

XbP1 cDNA was performed by obtaining ratio of spliced Xbp1 to normalized unspliced 

Xbp1. 

Retinal protein extract for Western blot analysis 

Retinal protein extracts were obtained from dissected retinas by sonication in a buffer 

containing 25 mM sucrose, 100 mM Tris-HCl, pH = 7.8, and a mixture of protease 

inhibitors (PMSF, TLCK, aprotinin, leupeptin, and pepstatin). The total protein 

concentration in right and left retinas from individual rat pups was measured using a Biorad 

protein assay, and 40 µg of total protein was used to detect individual proteins. The 

detection of proteins was performed using an infrared secondary antibody and an Odyssey 

infrared imager (Li-Cor, Inc.). Antibodies that detect the stress-induced phosphorylated 

proteins pPERK, pEIF2α, were from Cell Signaling (1:1000). Antibody detected pATF6 

(full land cleaved form) was from Imgenex (1:1000). Anti-Grp78 and anti-CHOP (1:1,000) 

were from Santa-Cruz Biotechnology; the anti-AIf1 and anti-caspase-12 antibodies 

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0033266#pone.0033266-Hiramatsu1
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(1:1,000) were from Abcam and cytochrome C was from Santa-Cruz. β-actin was used as 

an internal control and was detected by the application of anti-β-actin antibody (Sigma-

Aldrich). 

Isolation of cytoplasm and mitochondria from S334ter-4 RHO retinas 

The isolation of the cytosolic fraction from the individual retinas of five SD and five 

transgenic rats was performed using the Mitochondria Isolation Kit for Tissues (Thermo 

Scientific). The mitochondria were separated from the cytoplasm using the Dounce stroke 

method as recommended by the Termo Scientific manufacturer. The protein concentration 

of each fraction was determined using a Biorad protein assay. To confirm the absence of 

mitochondrial contamination in the cytoplasmic fractions, a western blot was probed with 

CoxIV antibody (Abcam). 

Calpain activity assay 

The detection of calpain activity was performed using the Calpain Activity Assay kit from 

BioVision in accordance with the manufacturer's recommendations and compared the 

activation of calpains in S334ter-4 Rho and SD retinal tissues. The detection of the 

cleavage substrate Ac-LLY-AFC was performed in a fluorometer that was equipped with 

a 400-nm excitation filter and 505-emission filter. 

Statistical analysis 

All data were evaluated and plotted using GraphPad Prism5 software. We analyzed the 

results using Student's t-test for unpaired samples or a two-way ANOVA analysis of 
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variance. All data are represented as the mean ± SEM. The P values that indicated statistical 

significance in experiments are “*” (P<0.05), “**”(P<0.01), and “***” (P<0.001). 

Results 

 

The retinal degeneration in S334ter-4 rats has been described previously [4], [18], [19], 

http://www.ucsfeye.net/mlavailRDratmodels.shtml. Photoreceptor degeneration begins at 

about postnatal day (P) 13 [4] and about 25% of the photoreceptors are lost by P30, 50% 

by P60 [19] and about 65% by P120. In addition, high resolution light microscopy has 

demonstrated that at P4, P6, P8 and P10 the S334ter-4 retinas are indistinguishable from 

age-matched wild-type controls and this is reflected in a normal ONL thickness at P10. A 

very few pyknotic nuclei are observed at P12 resulting in the ONL thinning only beginning 

at P21 (LaVail, unpublished observations). Therefore, we choose P10 as the first time point 

to observe the kinetics of the gene expression involved in the UPR and UPR-associated 

signaling pathways. 

Previous studies have demonstrated the cytoplasmic localization of the S334ter-4 

rhodopsin protein in the retina [20] of the transgenic lines 3 and 5. In our study of S334ter-

4 RHO, we confirmed the mislocalization and retention of truncated rhodopsin in the 

cytoplasm of S334ter-4 RHO photoreceptors (data not shown). Therefore, we were 

interested to determine if mis-trafficking of the S334ter-4 RHO protein provokes the ER 

stress and ER stress associated signaling. 

 

http://www.ucsfeye.net/mlavailRDratmodel​s.shtml
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Expression of genes associated with oxidative stress is elevated in S334ter-4 RHO 

retinas 

ER homeostasis is a fragile equilibrium that is modulated by dysregulation of the calcium 

or oxidative/reductive balance. Recently, it has been demonstrated that two processes, UPR 

oxidative stress are linked [21-23]. Therefore, we analyzed the relative expression of genes 

that are sensitive to an oxidative/reductive environment. 

To further assess the effect of the mislocalized truncated rhodopsin protein on oxidative 

stress, we examined the expression level of hypoxia-inducible factor α (Hif1αa), 

superoxide dismutase (Sod1) and the nuclear factor kappa-light-chain-enhancer of 

activated B cells (Nf-kB) genes. Figure 1 shows the relative expression of these genes in 

S334ter-4 RHO and SD (Sprague Dawley) rats on P10, P12, P15 and P21. 
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Figure 1. Relative expression of the oxygen stress-induced Hif1a, Sod1 and Nf-kB 

genes in S334ter-4 RHO retinas at different ages. Relative gene expression in S334ter-

4 RHO retina was measured on P10, P12, P15, P18 and P21 and a fold change was 

expressed as a ratio of S334ter-4 RHO relative expression to SD relative expression. 

Expression of the Hif1α and Sod1 genes was significantly induced in P10 S334ter-4 Rho 

compared to SD retinas (1.5- and 1.4-fold, respectively, P<0.05, *). On P12, increased 

Hif1a expression was still evident (1.9-fold, P<0.05,*); however, the Sod1 expression was 

decreased compared to P10. When compared with Hif1a and Sod1 mRNA, the relative 

accumulation of Nf-kB mRNA in S334ter-4 Rho retinas exhibited alternate dynamics: a 

1.7-fold increase in Nf-kB expression was observed on P15 only (P<0.05,*), whereas the 

Hif1α and Sod1 expression was diminished on P15. 

 

Our data demonstrated that Hif1α gene expression was upregulated 1.5- and 1.9-fold on 

P10 and P12, respectively (0.93±0.06 in SD vs. 1.4±0.17 in S334ter-4 RHO and 0.62±0.09 

in SD vs. 1.2±0.14 in S334ter-4 Rho, respectively, P<0.05). 

On P15, the expression level of Hif1α dropped dramatically compared with that observed 

in the SD retina. The expression of Sod1 also increased dramatically (1.4-fold) (0.69±0.04 

http://journals.plos.org/plosone/article/figure?id=10.1371/journal.pone.0033266.g001
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in SD vs. 1.334±0.1 in S334ter-4 RHO, P<0.05), but this increase occurred at P10. SOD1 

expression subsequently declined to the level of the SD over time. In contrast, Nf-kB gene 

expression increased 1.7-fold (0.9±0.18 in SD vs. 1.6±0.2 in S334ter-4 Rho, P<0.05) only 

on P15. At other time points, the Nf-kB gene expression was comparable to that in the 

wild-type (WT) retinas. 

Comparative analysis of ER stress and ERAD-associated genes in S334ter-4 RHO and 

SD retinas. 

Figure 2 demonstrates the results of RT-PCR analysis of the genes involved in the 

activation of ER stress signaling in S334ter-4 RHO rats. At P10 in transgenic retinas, 

calnexin (Cnx) and ATF4 gene expression was significantly upregulated 1.6- and 1.5-fold, 

respectively (0.9±0.05 in SD vs. 1.4±0.2 in S334ter-4 RHO and 0.9±0.04 in SD vs. 1.3±0.1 

in S334ter-4 RHO, respectively, P<0.05 in both cases). Furthermore, Ero1 gene expression 

was downregulated 2-fold (1.2±0.18 in SD vs. 0.6±0.18 in S334ter-4 RHO, P<0.05). At 

P12, the number of genes involved in the ER stress response was extended and included 

the following: Cnx (2.1-fold increase; 0.62±0.09 in SD vs. 1.3±0.16 in S334ter-4 

RHO, P<0.05), Hsp40/Dnajc10 (1.8-fold increase; 0.65±0.1 I SD vs. 1.21±0.18 in S334ter-

4 RHO, P<0.05), Ero1 (1.8-fold increase; 0.8±0.13 in SD vs. 1.5±0.2 in S334ter-4 RHO), 

Bip (1.7-fold increase; 0.7±0.01 in SD vs. 1.2±0.1 in S334ter-4 RHO, P<0.05), eiF2a (1.9-

fold increase; 0.80±0.13 in SD vs. 1.50±±0.2 in S334ter-4 RHO, P<0.01), Xbp1 (1.6-fold 

increase; 0.72±0.08 in SD vs. 1.17±0.13 in transgenic rats, P<0.05), Atf6 (1.8-fold 

increase; 0.64±0.09 in SD vs. 1.15±0.13 in S334ter-4 RHO, P<0.05) and Chop (1.5-fold 

increase; 0.8±0.05 in SD vs. 1.3±0.12 in S334ter-4 RHO, P<0.05). At P15, the expression 

of Cnx, Ero1, eIF2a and ATF4 dropped to different extents, and although in some cases, 
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the expression level of these genes was higher than in the SD retinas, the relative expression 

of CHOP protein was consistently 1.3-fold higher than in the SD retinas. At P15, the 

relative expression of the following genes was significantly elevated: Hsp40/Dnajc10 (2-

fold increase; 0.6±0.12 in SD vs. 1.2±0.22 in S334ter-4 RHO, P<0.05), Bip (2-fold 

increase; 0.65±0.12 in SD vs. 1.32±0.16 in S334ter-4 RHO, P<0.01), Xbp1 (1.5-fold 

increase; 0.9±0.16 in SD vs. 1.36±0.17 in S334ter-4 RHO, P<0.05), ATF66 (greater than 

2-fold increase; 0.60±0.17 in SD vs. 1.22±0.073 in transgenic rats, P<0.01). At P18, the 

expression levels of all the genes analyzed dropped to the level of the SD retinas. The 

exception to this finding was the Chop gene, which exhibited upregulated expression in 

P18 retinas, and the Xbp1 gene, which was significantly downregulated in P18 S334ter-4 

RHO retinas. Therefore, the data confirmed that the expression of ER stress-related genes, 

the eiF2a and Atf4 genes (the PERK pathway), the Atf6 gene (the ATF6 pathway) and the 

Xbp1 gene (the IRE1 pathway) were upregulated in P12–15 S334ter-4 RHO retinas. 

We also examined ERAD (ER associated degradation) genes, such as Derl1 and Hrd1. 

Derl1 participates in the retrotranslocation of misfolded proteins into the cytosol where 

they are ubiquitinated and degraded by the proteasome. The Hrd1 gene is an E3 ubiquitin-

protein ligase and transfers ubiquitin specifically from endoplasmic reticulum-associated 

UBC1 and UBC7 E2 
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Figure 2. Relative expression of ER stress- and ERAD-related genes in S334ter-4 

RHO retinas. 

The UPR gene expression was altered in S334ter-4 RHO retinas. Relative gene expression 

in S334tr Rho retina was measured on P10, P12, P15, P18 and P21 and a fold change was 

expressed as a ratio of S334ter-4 RHO relative expression to SD relative expression. On 

P10, there was a significant reduction in the Ero1 gene expression suggesting that the ER 

homeostasis in S334ter-4 RHO retinas is imbalanced. The expression of this gene is 

decreased 2-fold (P<0.05, *) in S334ter-4 RHO retinas compared with SD retinas on P10. 

The increased expression of Calnexin (Cnx) and Atf4 genes are the first ER stress markers 

that respond to ER disturbance. The expression of these genes was increased 1.6- and 1.5-

fold, respectively, (P<0.05, * in each case) on P10. On P12, the expression of other UPR 

upstream and downstream markers, such as Hsp40/Dnajc10, Ero1, Bip, eIf2a, Xbp1, Atf6 

and Chop, were detected, which was indicated by relative increases of 1.8-, 1.8-, 1.5-, 1.9-

, 1.6-, 1.8- and 1.6-fold, respectively, (P<0.05, * in each case with the exception of eIF2a 

where P<0.01, **). On P15, the Cnx, Ero1, eIf2a, Atf4 and Chop genes were expressed to 

a lesser extent or there was no significant difference in their expression levels in S334ter-

4 RHO retinas compared with SD retinas. However, the Hsp40/Dnajc10, Bip, Xbp1 and 

ATf6 mRNAs were significantly induced on P15. Their relative expressions were 2-, 2-, 

1.5- and 2-fold higher in S334ter-4 RHO retinas compared with the WT group (P<0.01 for 

Bip and Atf6, and P<0.05 for Hsp40/Dnajc10 and Xbp1). On P21, the expression of all 

genes was insignificant in the S334ter-4 RHO retinas compared with the SD retinas. Derl1 

and Hrd1 gene expression was upregulated 1.5- and 1.6-fold on p10 and p12, respectively 

(P<0.05 in each case). 
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ligases to substrates, thereby promoting their degradation. The qRT-PCR analysis of these 

genes in SD and S334ter-4 RHO retinas (Figure 2) showed that both genes were transiently 

activated on P10 and P12. Derl1 expression increased 1.6-fold on P10 (0.9±0.03 in SD vs. 

1.4±0.2 in S334ter-4 RHO, P<0.01) and subsequently decreased slightly over time. The 

expression of Hrd1 increased significantly (1.6-fold) on P12 (0.74±0.07 in SD vs. 

1.24±0.17 in S334ter-4, P<0.05). We also examined the expression of the Edem1 and 

Edem2 genes and determined that there was no significant difference in the expression 

levels in S334ter-4 Rho retinas compared with control retinas. 

We analyzed levels of the main UPR markers such as BiP, CHOP, phosphorylated protein 

kinase RNA-like endoplasmic reticulum kinase (pPerk), phosphorylated eIF2α (peIF2α), 

active ATF6 proteins and the Ire-mediated unconventional the Xbp1 mRNA splicing in 

S334ter-4 RHO rats (Figure 3A, B and C) using western blot analysis and a semi-

quantitative RT-PCR and determined that the production of the BiP protein increased 1.5-

fold in P12 S334ter-4 RHO retinas compared with SD retinas (0.047±0.008 vs. 

0.071±0.005, respectively; P = 0.01. However, by P15 the difference between groups was 

not detected. The CHOP protein was also dramatically over-expressed (3.5-fold) 

(0.016±0.005 in SD vs. 0.60±0.002 S334ter-4 Rho, P = 0.0003) on P15 in S334ter-4 RHO 

retinas. The full length of pAtf6 protein (90 kD) (the Atf6 pathway) was significantly 

elevated in S334ter-4 RHO retina by 2.7-fold (0.0017±0.0011 in SD vs. 0.0048±0.0007 in 

S334ter-4 RHO, P = 0.04). The N-terminal of the full-length of Atf6, cleaved pAtf6 was 

elevated by 1.93-fold and was 0.18±0.004 in SD vs. 0.035±0.002, P = 0.004. We also 

observed that the peIF2α protein was significantly increased in S334ter-4 RHO retina and 

was 0.001±0.0005 in S334ter-4 RHO vs 0.002±0.0004, P = 0.0009.The hallmark of the 
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IREI pathway, the spliced Xbp1 protein was detected in S334ter-4 retina. Its level was  4.5-

fold higher in transgenic retina compared to SD and was 0.022±0.003 in SD and 0.1±0.01, 

P = 0.001 in S334ter-4 rats. Unspliced Xbp1 protein was increased to a lesser extent (2.3-

fold) in S334ter-4 rats and was 0.049±0.008 in SD and 0.13±0.001, P = 0.03 in S334ter-4. 

Images of western blots are shown in Fig. 3 C. 

 

Figure 3. The ER stress markers BIP and CHOP proteins in retinas from S334ter-4 

RHO rats. 

http://journals.plos.org/plosone/article/figure?id=10.1371/journal.pone.0033266.g003
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A: Ratios of normalized S334ter-4 RHO BiP, CHOP, pATF6 (90), pATF6 (50), peIF2α, 

spliced Xbp1(sXbp1), unsliced Xbp1 (uXbp1), cleaved caspase-12 proteins to 

corresponding proteins in SD CHOP were used to register the alteration of protein 

expression. Normalization of all proteins was done by detecting β-Actin protein The ER 

stress markers BIP protein was a 1.5-fold upregulated in P12 S334ter-4 RHO retinas 

compared with SD retinas (0.047±0.008 vs. 0.071±0.005, respectively; P = 0.01). In P15, 

the level of BiP protein was significantly reduced and was not distinguishable from SD. 

The Chop protein was also dramatically over-expressed (3.5-fold) (0.016±0.005 in SD vs. 

0.60±0.002 S334ter-4 RHO, P = 0.0003) on P15 in S334ter-4 RHO retinas. The full length 

of pAtf6 protein (90 kD) (the Atf6 pathway) was significantly elevated in S334ter-4 RHO 

retina by 2.7-fold (0.0017±0.0011 in SD vs. 0.0048±0.0007 in S334ter-4 RHO, P = 0.04). 

The cleaved pAtf6 (50) was significantly elevated by 1.93-fold inS334ter-4 RHO retina 

(0.18±0.004 in SD vs. 0.035±0.002, P = 0.004). The peIF2α protein was also significantly 

increased in S334ter-4 RHO retina and was 0.001±0.0005 in S334ter-4 RHO vs 

0.002±0.0004, P = 0.0009. The full length of pAtf6 protein (90 kD) (the Atf6 pathway) 

was significantly elevated in S334ter-4 RHO retina by 2.7-fold (0.0017±0.0011 in SD vs. 

0.0048±0.0007 in S334ter-4 RHO, P = 0.04). The N-terminal of the full-length of Atf6, 

cleaved pAtf6 was elevated by 1.93-fold and was 0.18±0.004 in SD vs. 0.035±0.002, P = 

0.004. We also observed that the peIF2α protein was significantly increased in S334ter-4 

RHO retina and was 0.001±0.0005 in S334ter-4 RHO vs 0.002±0.0004, P = 0.0009. The 

spliced Xbp1 protein was detected in S334ter-4 retina. Its level was a 4.5-fold higher in 

transgenic retina compared to SD and was 0.022±0.003 in SD and 0.1±0.01, P = 0.001 in 

S334ter-4 rats. Unspliced Xbp1 protein was increased to a lesser extent (2.3-fold) in 

S334ter-4 rats and was 0.049±0.008 in SD and 0.13±0.001, P = 0.034 in S334ter-4. 

Increase in active caspase-12 was observed in S334ter-4 RHO retina. The level of cleaved 

caspase-12 (20 kD) was elevated in S334ter-4 RHO rats on P15 compared to control over 

2-fold and was 0.05±0.007 in SD vs. 0.12±0.02 in S334ter-4 RHO, P = 0.014 on P15. B: 

Upper panel: Quantification of spliced form of the Xbp1 mRNA (the IRE signaling) 

detected by RT-PCR reaction. We observed 1.45-fold increased in the spliced form of 

Xbp1 mRNA in S334ter-4 RHO retina. The ratio of spliced Xbp1 to normalized unspliced 

Xbp1 mRNA was 0.22±0.0006 in SD vs. 0.033±0.031 in S334ter-4 RHO retina, P = 0.025). 

Image of the agarose gel loaded with RT-PCR product obtained with Xbp1 specific primers 

is shown in a lower panel. C: Images of western blots treated with anti-Actin, Bip, CHOP, 

peIf2α, pATF6, Xbp1 antibodies and detected with secondary antibodies and infrared 

imaging scanner are presented. The spliced form of the Xbp1 mRNA was increased in 

S334ter-4 RHO rats as well. The ratio of spliced Xbp1 to normalized unspliced Xbp1 

mRNA was 1.45 (0.22±0.0006 in SD vs. 0.033±0.031 in S334ter-4 RHO retina, P = 0.025). 

An image of an agarose gel loaded with RT-PCR product obtained with Xbp1 specific 

primers is shown in Fig. 3B. 
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Autophagy is involved in retinal degeneration of S334ter-4 RHO photoreceptors 

Knowing that the ERAD genes Derl1 and Hrd1 are transiently upregulated in P10 and P12 

retinas, we became interested in investigating the activity of another protein degradation 

system, autophagy. We examined the relative expression of autophagy hallmark genes, 

such as Atg5 and Atg7, which are involved in autophagosome formation, and the 

lysosomal-associated membrane protein 2 (Lamp2). Figure 4 demonstrates that in 

developing S334ter-4 RHO retinas, the relative expression of Atg5 and Atg7 was not 

significantly different from that observed in the SD samples. However, the relative 

expression of the Lamp2 gene was transiently upregulated 1.8-fold on P10 in S334ter-4 

RHO retinas (0.86±0.07 in SD vs. 1.5±0.16 in S334ter-4 Rho, P<0.01). The expression of 

this gene subsequently decreased with time. The results of the comparative qRT-PCR 

analyses are shown in Figure 4. 
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Figure 4. Relative expression of Lamp2 in S334ter-4 RHO retinas. 

Relative gene expression in S334tr RHO retina was measured on P10, P12, P15, P18 and 

P21 and a fold change was expressed as a ratio of S334ter-4Rho relative expression to SD 

relative expression. The Lamp2 gene expression was upregulated in P10-P15 S334ter-4 

Rho retinas. In P10, the relative expression of this gene increased 1.7-fold in S334ter-4 

Rho retinas compared to that in SD retinas (P<0.001), and it subsequently declined in a 

time-dependent manner. 

 

 

S334ter-4 RHO rats exhibit elevated levels of pro-apoptotic gene expression during 

retinal development 

 

The ADRP photoreceptors degenerate and die through the process of apoptosis. Therefore, 

we examined the expression of pro-apoptotic genes belonging to the Bcl-2 family: the 

BH3-only interacting domain death agonist (BID), the Bcl-2-interacting killer protein 

(Bik), the Bcl2-like 11 apoptosis facilitator (Bim), Noxa and Puma. The results of this 

analysis are presented in Figure 5. We determined that the relative expression of Bik was 

significantly upregulated 2.3-fold in P10 S334ter-4 RHO retinas compared with P10 SD 

http://journals.plos.org/plosone/article/figure?id=10.1371/journal.pone.0033266.g004
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retinas (1.24±0.14 in SD vs. 2.73±0.3 in S334ter-4 RHO, P<0.001). On P10, we also 

observed an increase in the relative expression of the Bim protein (1.7-fold; 0.83±0.05 in 

SD vs. 1.40±0.21 in transgenic retina, P<0.05). At the next two time points, Bim expression 

was upregulated 1.34-fold compared with controls (0.69±0.15 in SD vs 0.51±0.10 in 

S334ter-4 RHO, P>0.05) on P12 and 1.8-fold compared with controls on P15 (0.86±0.18 

in SD vs. 1.54±0.11 in S334ter-4 RHO, P<0.01). The Noxa gene expression increased 

significantly in P12 and P15 S334ter-4 RHO retinas and was 2.8-fold and 2-fold higher 

compared to that in age-matched SD retinas, respectively (0.82±0.12 in SD vs. 2.34±0.36 

in S334ter-4 RHO at P12, P<0.0001 and 0.88±0.24 in SD vs. 1.87±0.19 in S334ter-4 RHO 

at P15, P<0.01). On P15, the relative expression of Bid and Puma in S334ter-4 RHO retinas 

were increased 2.4- and 2.3-fold, respectively, compared to that in SD retinas (0.68±0.11 

in SD vs. 1.62±0.23 in S334ter-4 RHO, P<0.01 for Bid and 1.00±0.05 in SD vs. 2.30±0.5 

in S334ter-4 RHO, P<0.001 for Puma). 

 

 

 

http://journals.plos.org/plosone/article/figure?id=10.1371/journal.pone.0033266.g005
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Figure 5. Relative expression of pro-apoptotic genes involved in S334ter-4 RHO 

retinas. 

Relative gene expression in S334ter-4 RHO retina was measured on P10, P12, P15, P18 

and P21 and a fold change was expressed as a ratio of S334ter-4 Rho relative expression 

to SD relative expression. The expression of BH3-only proteins, BID, Bim, Bik, Noxa and 

Puma was upregulated with different patterns in S334ter-4 RHO retinas. On P10, the 

expression of Bik, Bim and Bid genes increased 2.3- (P<0.001) 1.7- (P<0.05) and 1.6-fold 

(P<0.05), respectively. The expression of Bim was elevated until p15 and dropped 0.6-fold 

to WT levels (P<0.05) on P21. On P12, the Noxa gene was elevated 2.8-fold (P<0.0001) 

and remained upregulated until p15 (2-fold increase, P<0.01) and its expression 

subsequently dropped. On P15, the Puma gene appears to be upregulated 2.2-fold in 

S334ter-4 RHO retinas when compared to SD retinas (P<0.001). The Apaf1 gene 

expression was increased in P12 and in P15 retinas. A significant 1.9-fold upregulation 

Apaf1 expression was detected on P12 (P<0.01). The relative expression of caspase-3 was 

significantly upregulated during the progression of ADRP. On P12, P15 and P18, caspase-

3 expression in S334ter-4 RHO retinas was elevated 1.9-fold (P<0.01), 2.2-fold (P<0.01) 

and 1.8-fold (P<0.05), respectively compared to SD retinas. The analysis of caspase-7 gene 

expression demonstrates a 1.7-fold (P<0.05) and 2-fold (P<0.01) increase in caspase-7 

mRNA on P10 and P15, respectively. 

 

The apoptotic protease activating factor 1 (APAF1) also induces apoptosis. Therefore, we 

analyzed Apaf1 gene expression during the progression of ADRP and determined that its 

expression was upregulated 1.9-fold in P12 transgenic retinas (0.62±0.01 in SD vs. 

1.17±0.10 in S334ter-4 RHO, P<0.01) (Figure 5). This upregulation leads to the activation 

of caspase-dependent apoptosis, which was confirmed by the analysis of caspase-3 and -7 

expression levels. The caspase-3 and -7 proteins are executioner caspases. We determined 

that the expression of caspase-3 was significantly upregulated 1.9-, 2.17- and 1.8-fold in 

P12, P15 and P18 S334ter-4 RHO retinas, respectively (0.7±0.1 in SD vs. 1.33±0.2 in 

S334ter-4 RHO, P<0.01, 0.69±0.21 in SD vs. 1.5±0.15 in S334ter-4 RHO, P<0.01 and 

0.90±0.10 in SD vs. 1.63±0.22 in S334ter-4 RHO, P<0.05, respectively). Caspase-7 gene 

expression was upregulated 1.73-fold and almost 2-fold on P10 and P15, respectively 
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(0.82±0.04 in SD vs. 1.42±0.15 in S334ter-4 RHO, P<0.05 and 0.99±0.07 in SD and 

1.92±0.43, P<0.01 in transgenic rats, respectively). 

Mitogen-activated protein kinases 1 (Erk2) and 8 (Jnk) are involved in retinal 

degeneration in S334ter-4 RHO rats 

A number of mitogen-activated kinases, such as Mapk8 (c-Jun N-terminal kinase 1) and 

Mapk14 (p38), play an important role in the ER stress response. Therefore, we included 

these and other members of the MAPK gene family, such as the extracellular signal-

regulated kinases Mapk1 (Erk2) and Mapk3 (Erk1), in our study. RNA analysis of P10–

P21 transgenic retinas demonstrated no significant difference in the relative expression of 

the Mapk3 and Mapk14 genes compared to control. In contrast, the expression of Mapk1 

and Mapk8 was elevated by 1.7- and 2.3-fold, respectively, in the transgenic retinas 

(0.88±0.06 in SD vs. 1.5±0.20 in S334ter-4 RHO and 0.68±0.07 in SD vs. 1.60±0.3 in 

S334ter-4 RHO, respectively; P<0.01 in each case) on P10 and their expression 

subsequently decreased over time (Figure 6). 
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Figure 6. Relative expression of the MAPK1 (Erk2) and MAPK8 (JNK) genes in 

S334ter-4 RHO retinas. 

Relative gene expression in S334ter-4 RHO retina was measured on P10, P12, P15, P18 

and P21 and a fold change was expressed as a ratio of S334ter-4 RHO relative expression 

to SD relative expression. On P10, the Mapk3 (Erk1) and Mapk14 (p38) gene expression 

was upregulated 1.7- and 2.3-fold in S334ter-4 RHO retinas, respectively (P<0.01 for 

both). Starting on P12, their expression decreased with time. 

 

pTen/Akt1 signaling is involved in retinal degeneration in S334ter-4 RHO rats 

A recent study by Hu and colleagues demonstrated a critical role for the endogenous Akt 

and MEK1/ERK pathways in counteracting ER stress and proposed that the endogenous 

Akt/IAPs and MEK/ERKs control cell survival by resisting ER stress-induced cell death 

signaling [24]. Figure 7 shows the progressive changes in Akt1/2 gene expression in 

S334ter-4 RHO rats during retinal degeneration. On P12, we observed the elevation of the 

tumor-suppressor gene pTen that catalyzes the dephosphorylation of the Akt gene leading 

http://journals.plos.org/plosone/article/figure?id=10.1371/journal.pone.0033266.g006
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to the inhibition of the Akt signaling pathway. An approximately 1.65-fold increase in the 

relative expression of the Pten gene (0.80±0.13 in SD vs.1.52±0.2 in S334ter-4 

Rho, P<0.05) was observed. Subsequently, pTen expression decreased to the level of the 

WT samples. In contrast, the expression of the Akt1/2 genes increased after P12 and 

reached a peak on P15 in S334ter-4 RHO rats. The Akt1 gene expression increased by 

1.65-fold (0.84±0.15 in SD vs. 1.39±0.13 in S334ter-4 Rho rats, P<0.05) and the Akt2 gene 

expression increased 1.7-fold (1.032438±0.17 in SD vs. 1.71±0.15 in S334ter-4 

Rho, P<0.01). 

ER-mitochondrial cross-talk in S334ter-4 RHO retina detected by the elevated 

calpain activity and release of apoptotic inducing factor 1 from mitochondria to 

cytosol 

The physical and functional interactions between the ER and the mitochondria occur 

throughout their networks. The molecular foundations of this cross-talk are diverse, and 

Ca2+ is an important signal that these organelles use to communicate. A recent study by 

Bravo et al. [25] demonstrated that during the adaptive phase of ER stress mitochondrial 

events are already underway before the appearance of cell death. 
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Figure 7. Relative expression of pTten, Akt1 and Akt2 genes in S334ter-4 RHO 

retinas. 

Relative gene expression in S334ter-4 RHO retina was measured on P10, P12, P15, P18 

and P21 and a fold change was expressed as a ratio of S334ter-4 RHO relative expression 

to SD relative expression. An approximate 1.65-fold increase in the relative expression of 

the pTen gene was observed (0.80±0.13 vs. 1.5±0.2, P<0.05) in P12 transgenic retinas. 

Subsequently, the expression of this gene decreased to WT levels. In contrast, the 

expression of the Akt1 and 2 genes increased after P12 and reached a peak on P15. The 

Akt1 gene expression was 0.84±0.15 in SD retinas vs. 1.40±0.13 in S334ter-4 RHO 

retinas, P<0.05. The Akt2 gene expression was 1.03±0.17 in SD vs. 1.70±0.15 in P15 

S334ter-4 Rho,P<0.01. 

 

The ER-induced Ca2+ release may facilitate the permeabilization of the mitochondrial 

membrane through the activation of the mitochondrial permeability transition (MPT) pore. 

In addition, Ca2+ release from the ER activates Ca2+-sensitive cytosolic enzymes, which 

may control the distribution and activity of Bcl-2 proteins and calpains or modulate the 

expression of apoptosis regulatory proteins. 

http://journals.plos.org/plosone/article/figure?id=10.1371/journal.pone.0033266.g007
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Therefore, we investigated calpain activation in this study. Figure 8 demonstrates that 

compared with SD there is a 1.4-fold and a greater than 2-fold increase in activated calpains 

on P15 and P30 in S334ter-4 Rho retinas (2.24±0.09 in SD vs. 3.1±0.127 in S334ter-4 

RHO, P<0.01 and 1.287±0.27 in SD vs. 2.7±0.04 in S334ter-4 RHO, P<0.05, 

respectively). To further understand if the activation of calpains triggers mitochondria-

associated apoptosis, we analyzed the mitochondrial release of the Apoptotic Inducing 

Factor 1 (AIF1) (Figure 9) and cytochrome C, which form an apoptosome with caspase-9 

and apoptotic peptidase activating factor 1 (Apaf1) to activate caspase-induced apoptosis. 

In S334ter-4 RHO retina, we observed a 3-fold increase in the cytosolic AIF1 compared to 

SD. However, in P15 S334ter-4 RHO retina we did not detect any difference in the levels 

of cytochrome C compared to SD. In contrast, the relative expression of Apaf1 was 

upregulated (Figure 5). 

 

Figure 8. Activation of calpains in S334ter-4 RHO retinas. 

In P15 and P30 S334ter-4 RHO retinas, we observed an activation of calpains in the cytosol 

measured by the fluorescence intensity emitted from the calpain substrate Ac-LLY AFC. 

On P15 and P30, there was a 1.4- and a greater than 2-fold increase in activated calpains 

in S334ter-4 RHO retinas compared with SD retinas, respectively (2.24±0.09 in SD vs. 

3.1±0.127 in S334ter-4 Rho, P<0.01 and 1.287±0.27 in SD vs. 2.7±0.04 in S334ter-4 

RHO, P<0.05, respectively). 

 

http://journals.plos.org/plosone/article/figure?id=10.1371/journal.pone.0033266.g008
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Figure 9. Release of AIF1 from S334ter-4 RHO mitochondria. 

Analysis of isolated cytosolic fractions of P15 S334ter-4 RHO retinas determined that the 

concentration of the cleaved form of Aif1 (48 kD) was 6.5-fold higher compared with the 

WT cytosolic samples (0.038±0.01 in SD vs. 0.25±0.05 in S334ter-4 RHO, P = 0.004). 

Images of western blot detecting the AIF1 and COXIV proteins are shown. Detection of 

COXIV protein was observed only in SD (Msd) and S334ter-4 (MS s334ter-4) retinal 

mitochondrial fractions. 

 

Activation of calpains provokes cleavage of caspase-12. Therefore, we analyzed caspase-

12 activity in transgenic retina and found that the level of cleaved caspase-12 was elevated 

in S334ter-4 RHO rats on P15 compared to control over 2-fold and was 0.05±0.007 in SD 

vs. 0.12±0.02 in S334ter-4 RHO, P = 0.014 on P15. However, further analysis of S334ter-

4 RHO retina by western blot and caspase-12 fluorometric activity assay showed that the 

activity of ER-associated caspase-12 was declined in a time-dependant manner (data not 

shown).  

http://journals.plos.org/plosone/article/figure?id=10.1371/journal.pone.0033266.g009
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Knowing that calpains trigger the cleavage of AIF1 in the mitochondria resulting in its 

translocation to the cytoplasm, we analyzed the cleaved AIF1 protein (figure 9). There was 

a 6.5-fold increase in the levels of cleaved AIF1 in the cytoplasmic fraction of S334ter-4 

RHO compared to SD photoreceptors on P15 (0.038±0.01 in SD vs. 0.25±0.05 in S334ter-

4 Rho, P = 0.004). 

Time-dependent decline of Crx and Nrl transcription factors in the S334ter-4 RHO 

photoreceptors 

To estimate the massive loss of photoreceptor cells in S334ter-4 RHO retinas, we analyzed 

the relative expression of the NRL and CNX photoreceptor-specific transcription factors 

and determined that their expression patterns were altered during the progression of ADRP 

(Figure 10). The expression of the CRX gene was slightly higher in P10 and P12 S334ter-

4 RHO retinas compared with SD retinas (0.95±0.04 in SD vs. 1.2±0.17 in S334ter-4 

RHO, P>0.05 and 0.58±0.1 in SD vs. 0.70±0.12in S334ter-4 RHO, respectively). The 

expression of Crx decreased with time and was significantly lower in S334ter-4 Rho P21 

retinas compared with SD retinas (1.10±0.11 in SD vs. 0.55±0.02 in S334ter-4 

RHO, P<0.05). The levels of Nrl gene expression did not differ from WT levels during 

P10-P12. However, by P21, Nrl expression decreased dramatically in the S334ter-4 RHO 

retinas (1.00±0.21 in SD vs. 0.23±0.02 in S334ter-4 Rho, P<0.05). 
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Figure 10. Relative expression of the Crx and Nrl transcription factors in S334ter-4 

RHO retinas. 

Relative gene expression in S334ter-4 RHO retina was measured on P10, P12, P15, P18 

and P21 and a fold change was expressed as a ratio of S334ter-4Rho relative expression to 

SD relative expression. The qRT-PCR analysis of S334ter-4 RHO retinas revealed that the 

expression of the Nrl and Crx transcription factors decreased in a time-dependent manner 

in P10-P21 retinas. A significant reduction in the expression of both transcription factors 

was observed in P21 retinas, the Crx gene expression was reduced 55% (P<0.05), and the 

NRL gene expression was downregulated 23% (P<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://journals.plos.org/plosone/article/figure?id=10.1371/journal.pone.0033266.g010
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Discussion 

 

Although retinal degeneration has many etiologies, they all lead eventually to 

photoreceptor cell death and blindness [27]. A number of investigators have dedicated their 

research to the elucidation of the mechanism of retinal degeneration in ADRP, and some 

of these studies have focused on ADRP progression in S334ter-4 RHO rats. For example, 

a recent publication by Kaur et al. highlighted the contribution of mitochondria-associated 

apoptosis [10]. Despite the progression in our understanding of the cellular mechanisms 

leading to the decline of S334ter-4 RHO photoreceptors, the essential link that connects 

ER stress, UPR, and calpain activation with mitochondria-induced apoptosis has not been 

elucidated. In this study, we present a detailed investigation of the mechanisms of ER stress 

that lead to the activation of the UPR and apoptosis in retinas expressing mislocalized 

S334ter rhodopsin. We examine the status of the ER stress response and its correlation with 

pro-apoptotic gene expression over time (P10, P12, P15 and P21) and dissect the cellular 

mechanism of retinal degeneration during the development of a normal retina. Although 

gene expression during the maturation of WT retina is altered [28], [29], in this study, we 

focus on the relationship between gene expression and the progression of ADRP in 

transgenic rats expressing truncated S334ter rhodopsin. 

The UPR is a conserved, adaptive cellular program that is activated in response to the 

accumulation of misfolded proteins in the ER [30]. Homeostasis in the ER may be 

compromised by a variety of stimuli including disturbances in redox regulation, calcium 

regulation, glucose deprivation, and viral infection. Oxidative protein folding depends 

upon the maintenance of adequate oxidizing conditions within the ER lumen and is 
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achieved with the help of ER oxydoreductase (ERO1). ERO1 and PDI form the main 

pathway for protein disulfide bond formation in the eukaryotic ER. Therefore, the 

modulation of ERO1 activity is a component of a homeostatic feedback system in the ER 

that allows the cell to rapidly adjust to fluctuations in the ER redox environment and to 

maintain conditions that are conducive to oxidative protein folding [31]. We analyzed the 

expression of the Ero1 gene during the development and progression of S334ter-4 RHO 

photoreceptors on P10, P12, P15 and P21 and determined that there is a deficiency in Ero1 

gene expression on P10, which is followed by a rapid over-expression of the gene on P12 

(nearly a 2-fold increase) in transgenic retinas (Figure 2). After P15, Ero1 expression 

decreased dramatically, which reflects the demand for enzymatic protein folding in the cell 

and the adjustment of the ER to the redox potential. For example, during hypoxia, 

transcription of the Ero1 gene is dramatically induced through the activation of Hif1α [32], 

[33], suggesting that hypoxia negatively regulates the activity of many enzymatic pathways 

including Ero1. Therefore, in our experiments, the modulation of Ero1 gene expression 

suggests that there is an alteration in physiological oxygen tension and this could be 

considered as a key adaptive response to a hypoxia-induced HIF-1mediated pathway (see 

below). 

Recently, hypoxia-induced HIFf1 elevation has been studied in detail. HIF1a is a pivotal 

regulator of the cells' adaptation to hypoxia and is induced by hypoxia, growth factors, and 

oncogenes [34]. In addition, the elevated expression of HIF1a under hypoxic conditions is 

accompanied by the activation of ER stress genes, such as eIF2a [35], and by the increased 

generation of reactive oxygen species (ROS) that provide a redox signal for the induction 

HIF1α [36]. A number of investigators have proposed that retinal hypoxic preconditioning, 
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which leads to HIF1α induction, morphologically and functionally protects retinal cells 

against light-induced retinal degeneration [37], [38]. Others have identified HIF1α as a 

protein that may be required (directly or indirectly) for the normal development of the 

retinal vasculature [39], suggesting that hypoxia is a part of normal retinal development. 

In addition, oxidative stress has been identified as an important contributor to retinal 

degeneration in a number of studies [40]. Thus, with respect to hypoxia, it is a logical 

assumption that Hif1α expression levels are also modulated in transgenic rats during retinal 

development. Therefore, it is not surprising that the level of Hif1a expression in S334ter-4 

RHO retinas correlates with Ero1 transcription, increasing 1.5- and 2-fold at P10 and P12, 

respectively. The expression of Hif1α has not been examined previously in S334ter-4 RHO 

retinas. In this study, we demonstrated that hypoxic conditions leading to oxygen 

deprivation persisted, at least temporarily, in the developing S334ter-4 RHO retinas. The 

mechanism by which the Hif1α mRNA is induced in ADRP photoreceptors appears to be 

adaptive response and is linked to mechanisms that maintain a homeostasis in the 

photoreceptor cells. In favor of this hypothesis, a rapid decline in Hif1α gene expression 

was observed in P15 S334ter-4 RHO retinas. Additional evidence supporting this 

hypothesis regarding the hypoxic status of transgenic retina comes from the analysis of the 

over-expression of the Nf-kB gene. Compared with Hif1α expression, Nf-kB over-

expression was delayed until P15. The delay in the onset of Nf-kB over-expression may be 

associated at least in part with the modulation of Sod1 gene expression, which was over-

expressed at P10. Recently, a direct link between the alternating expression patterns of both 

genes has been proposed [41]. 
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SOD1 is a soluble protein that acts as a scavenger of superoxide converting it to molecular 

oxygen and hydrogen peroxide, and the SOD1 gene is considered the first line of defense 

against oxidative stress. The elevated expression of SOD1 has been associated with a 

number of neurodegenerative disorders, such as SALS and Alzheimer disease, suggesting 

that SOD1 upregulation is a pathological phenomenon [42]. Therefore, changes in Sod1 

mRNA levels would indirectly reflect the increased accumulation of superoxide radicals in 

S334ter-4 RHO retinas. Although the Sod1 gene was over-expressed in P10 retinas, a 

dramatic drop in the expression levels of this gene was subsequently observed, which may 

be provoked by the induction of Nf-kB expression. The transient over-expression of Sod1 

in S334ter-4 RHO retinas may be a result of the activation of the hydrogen peroxide-

responsive element within the Sod1 promoter by H2O2 [42], [43], which has been shown 

to play a protective role in oxygen-deprived dopaminergic neurons in the rat substantia 

nigra [44]. Alternatively, an adaptive mechanism in S334ter-4 RHO photoreceptors that 

manages the stress by over-expressing a powerful antioxidant enzyme may be involved. 

As discussed above, the data indicate that the imbalance in ER homeostasis in S334ter-4 

RHO retinas is created by hypoxic preconditions that lead to the induction of Ero1, Hif1α 

and Nf-kb gene expression in P10–P12. Therefore, we next investigated if the modulation 

of these genes provokes the activation of the UPR in S334ter-4 RHO retinas. 

We analyzed the expression profiles of the following proteins: the ER resident chaperone 

proteins, such as calnexin (Cnx), Hsp40/Dnajc10, and Grp78/Bip; activating transcription 

factors Atf4, Atf6, and Xbp1; Gadd153/Chop, eIF2α (eukaryotic translation initiation 

factor 2α) and ERAD (ER-associated degradation) genes, such as Edem1, Edem2, Derl1, 

Derl2, and Hrd1 (Synovalin). The data suggest that during the development and 
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progression of the ADRP retina, the expression of the majority of these ER stress gene is 

modulated. The Cnx gene is an important component of the ER, where it is involved in the 

maintenance of ER protein homeostasis and participates in the folding and assembly of 

nascent glycoproteins and aids their transport out of the ER quality control system. 

Therefore, a high expression of the Cnx gene reflects a high demand for protein folding in 

the ER. One of these ER proteins may be an aberrant rhodopsin, which is rescued by the 

over-expression of the Cnx chaperone protein [45]. 

Further analysis of the ER chaperones Hsp40/Dnajc10, and Bip demonstrated that there is 

increase in the levels of Hsp40. Recently, a model of the Hsp40-mediated ERAD pathway 

has been proposed [46]. According to this model, the Hsp40 protein accelerates the ERAD 

pathway by reducing the number of incorrect disulfide bonds in misfolded glycoproteins 

that are recognized by EDEM1. ERAD substrates that are released from CNX are recruited 

by EDEM1 to the C-terminal cluster of HSP40. Therefore, an increase in Cnx suggests that 

there is a correlation between these synergistically working genes, which is confirmed by 

our experiments (Figure 2). Similar to the expression patterns of the Cnx gene, Hsp40 gene 

expression was also elevated 1.8- and 2-fold in P12 and P15 retinas, respectively (Figure 

2), whereas the expression of Edem1 as Edem2 in the transgenic retinas (data not shown) 

was not significantly different from the SD retinas. This result suggests that in S334ter-4 

RHO retinas, there is a high demand for the chaperoning assistance of Hsp40. 

Another component of the ERAD pathway is the BIP (GRP78) protein. BIP binds to the J 

domain of Hsp40 in an ATP-dependent manner and transfers ERAD-targeted substrates to 

the retrotranslocation channel upon ATP hydrolysis [46]. In addition to participation in the 

ERAD system, BiP is an up-stream marker in the ER stress pathway and is the first line of 
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defense in a compromised ER. This protein activates three independent UPR pathways, 

PERK, ATF6 and IRE1. RNA analysis of the S334ter-4 RHO and SD retina samples 

demonstrated that the increase in Bip expression correlated with the expression of Cnx and 

Hsp40/Dnajc10, reaching a peak on P15 with a 2-fold increase in the S334ter-4 RHO 

retinas. Western blot analysis was used to confirm the increased production of the BIP 

protein providing proof of the elevation of the BIP protein in S334ter-4 RHO rats. 

The PERK pathway is activated in P12 transgenic retinas, which was evident from the 

upregulation of the eIf2a and Atf4 genes and elevation of peIF2α. In P15 retinas western 

blot analysis demonstrated the increased production of the peIf2α protein providing proof 

of activation of the PERK signaling pathways in S334ter-4 RHO rats. In addition, 

expression of the ATF6 (the ATF6 pathway) gene was increased steadily up to P15, after 

which they decreased to levels that were observed in the controls. Therefore, it is not 

surprising that the level of full-length pAtf6 (90 kD) and its cleaved form (pAtf6-50) in 

P15 S334ter-4 RHO retina were significantly increased. The level of Xbp1 (the IRE1 

pathway) was also steadily increased up to P15. However, later in P21 retina expression of 

the Xbp1 gene was significantly reduced in transgenic retinas that could be a result of a 

decreased catalase expression, enhanced ROS generation, and the loss of mitochondrial 

MPTP after H2O2 exposure in S334ter-4 RHO photoreceptors [47]. In P15 S334ter-4 Rho 

retina, we observed increase in a spliced and unspliced forms of Xbp1 protein suggesting 

that the IRE pathways is activated.  

Signaling through the PERK, ATF6 and IRE1 genes triggers pro-apoptotic stimuli during 

prolonged ER stress. However, these genes do not directly cause cell death, but they initiate 

the activation of downstream molecules, such as CHOP or JNK, which further push the 
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cell down the path towards death. CHOP, a downstream marker in the UPR, is a pro-

apoptotic protein that regulates the activity of genes including Bcl2, GADD34, ERO1 and 

TRB3 [48]. In our experiments, we demonstrated that Chop mRNA was elevated during 

ER stress in P12 S334ter-4 RHO retinas. The increase in Chop expression suggested that 

the adaptive phase of the UPR in the transgenic retinas initiated apoptosis, causing the 

S334ter-4 RHO photoreceptors to self-destruct. The over-expression of the CHOP protein 

was confirmed by western blot analysis suggesting that the CHOP protein is overproduced 

at transcriptional and translational levels. Therefore, in summary, we propose that all three 

UPR pathways are activated in S334ter-4 RHO retinas. 

In general, the CHOP protein is post-translationally controlled by p38 MAPK (14). 

Although in our study, a significant difference in p38 expression was not observed, another 

MAPK 8 (JNK) was dramatically upregulated 1.6-fold in P10 transgenic retinas. This JNK 

protein is a stress-activated protein kinase that regulates apoptosis through the induction 

and/or post-translational modification of BH3-only proteins and plays a central role in 

setting the apoptotic cascade in motion. Evidently, in S334ter-4 RHO photoreceptors, the 

upregulation of the JNK gene is associated with the recruitment of c-JNK via the IRE1 

pathway through TRAF2-c-JNK-ASK1. In support of this hypothesis, we observed the 

activation of the Ire1 pathways in P12 S334ter-4 Rho retinas. The expression of Xbp1 in 

P12 transgenic retinas was higher when compared with the control suggesting that the 

Xbp1 transcriptional factor is required by the elevated production of JNK. Another 

rationale for the increase in JNK expression is associated with the activation of Bim, Bak 

and Bax proteins [48]. 
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Regarding the pro-apoptotic Bax/Bak BH3-only proteins, it is important to note that their 

relative expression did not change significantly in the transgenic retinas compared with the 

control retinas. This observation implies that the post-translational phosphorylation of 

BAX/BAK proteins is primarily a result of the increase in Jnk expression. In addition, in 

the developing WT retina, apoptosis appears to initiate the downregulation of Bax and Bak, 

which are key initiators of the caspase-dependent pathway [49]. The BH3-only BID protein 

participates in an extrinsic apoptosis that may occur in cone photoreceptor cells [50]. 

Because this BID protein is considered a component of caspase-8-induced apoptosis, the 

increase in its expression during P10-P15 may be associated with the elevated gene 

expression and activation of JNK that eventually cleaves BID into a novel form called 

tBID. This observation suggests that beginning on P10, JNK may be involved in TNF-

mediated caspase-8 activation resulting in the activation of the BID protein followed by 

mitochondrial-associated apoptosis [51]. However, further investigation is required to 

confirm this hypothesis. 

In general, we determined that other members of the BH3-only family of proteins are 

involved in retinal degeneration in S334ter-4 RHO rats. Thus, Bik (Bcl2-interacting killer) 

protein, which is a novel death-inducing protein, is over-expressed significantly in P10 

retinas. The higher demand for the Bik protein in transgenic retinas may correlate with the 

changes in Bcl-xl gene expression. Again, in our study, a modulation of Bcl-xl gene 

expression in transgenic retinas was not observed. An alternative explanation for the 

increase in production of the BIK protein is that the elevated expression of the p53 gene in 

S334ter-4 RHO retinas promotes Bik mRNA expression [52]. In support of this hypothesis, 

we observed an increase in relative expression of other p53-induced proteins, such as Noxa 
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and Puma. In P12–P15 S334ter-4 RHO retinas, the levels of Puma and especially Noxa (3-

fold increase) are dramatically increased. Following the binding to anti-apoptotic proteins 

and the activation of Bax/Bak, PUMA-induced apoptosis proceeds through a typical 

mitochondrial pathway [53]. Therefore, we assume that on P12, the over-expression of 

Puma associates with the mitochondria membrane permeabilization transition pore 

(MPTP), which eventually leads to the cleavage and release of the AIFf1 protein and to the 

activation of caspase (see below). In addition, the increase in Noxa expression correlates 

with the upregulation of the Hif1α gene, which controls the expression of Noxa, on P10 

[54]. Both Bid and PUMA trigger the mitochondrial apoptotic pathway leading to 

cytochrome C and AIF1 release from the mitochondria as demonstrated in our study 

(Figure 9). 

The expression of the BH3-only Bim protein was elevated from P10 to P15 in S334ter-4 

RHO retinas. The BH3-only BIM protein is an important initiator and regulator of the 

intrinsic pathway because BIM interacts with anti-apoptotic Bcl-2 proteins and the 

multidomain pro-apoptotic effector proteins BAX and BAK [55]. Because Bcl-2 

expression was not modified, the increase in Bim expression may be associated with the 

upregulation of the Jnk pathway or the downregulation of the pro-survival Erk2 pathway 

in transgenic retinas. Recently, links between Bim and cJnk and between Bim and Erk 

signaling have been established [55]. Therefore, a decline in the expression of pro-survival 

Erk2 in P10 to P21 could regulate the Bim gene expression in S334ter-4 RHO retinas. An 

additional study has revealed that the level of Bim mRNA is positively regulated by 

C/EBPa and CHOP following ER stress [56], and this finding is in agreement with our 

results demonstrating an increase in CHOP expression in S334ter-4 RHO retinas. 
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Proteasomal degradation and autophagy are the two main mechanisms that control protein 

clearance in the cell. Unlike proteasomal degradation, autophagy degrades soluble and 

aggregated proteins. The molecular mechanisms responsible for the regulation of 

autophagy have not been completely elucidated; however, a recent study has demonstrated 

that severe hypoxia may lead to ER stress and may induce ATF4-dependent autophagy 

through LC3 as a survival mechanism [57]. In a study by Wang et al., the over-expression 

of KDEL (ER resident) receptors also activated autophagy [58]. It is apparent that the 

upregulation of the UPR genes increases the expression of KDEL receptors on the ER and 

this could promote autophagy in S334ter-4 RHO photoreceptors. The expression of 

lysosomal-associated membrane protein 2 or Lamp2 was induced significantly on P10. Our 

results are in agreement with the study of hypoxia-induced Lamp2 activation [59] in which 

the authors have proposed that hypoxia induces a high turnover of autophagic generation 

and degradation in cells. 

The activation of calpains in transgenic retinas has been demonstrated [10]. Kaur et al. 

have shown that in S334ter RHO line 3 (a more rapidly degenerating line), the activation 

of calpain 3, which was measured using an in situ enzymatic assay on unfixed cryosections 

reaches a peak on P12. In our study of the S334ter RHO line 4 (a slower degenerating line), 

we discovered that on P15 the activation of calpains (1 and 2) is already pronounced (2-

fold increase) and progresses along with retinal degeneration until P30. Our finding 

correlates with the study by Kaur et al. proposing that the proteolytic activity of calpains 

persists at times when the nuclear DNA has already disintegrated [10]. In agreement with 

these data, we found that the caspase-12 protein was cleaved in P15 S334ter-4 RHO retina 

as a result of activated calpains. Later, however, its activity measured in P21 and P30 
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S334ter-4 retinas was diminished. Evidently, transient activation of caspase-12 in P15 

retina is sufficient to trigger the ER stress-associated apoptosis to contribute to a self-

destructive program in S334ter-4 RHO photoreceptors. In addition, it has been proposed 

that caspase-12 is not required for caspase-dependent ER stress-induced apoptosis [60]. 

Therefore, we proposed that active calpains, together with the BH3-only proteins, Noxa, 

Puma, Bik, and Bid, compromised the MPTP in S334ter-4 RHO retinas and control a 

mitochondria-induced apoptosis. In support of this hypothesis, we detected the 

translocation of cleaved AIF1 from the mitochondria to the cytosol in S334ter-4 RHO 

retinas on P15. This data suggests that the S334ter-4 Rho mitochondria experience MPTP 

events that provoke caspase-independent apoptosis. To our knowledge, this is the first 

demonstration of AIF1 release from S334ter-4 RHO mitochondria. 

Although we did not observe the cytosolic release of cytochrome C from mitochondria, an 

increase in the Apaf1 gene expression was detected suggesting the caspase-dependent 

activation of apoptosis. It is possible that the induction of Apaf1 expression in S334ter-4 

RHO retinas is related to the upregulation of the p53 gene that controls APAf1 [61], Bik, 

Noxa and Puma. Therefore, p53 gene expression and the translocation of p53 to the 

mitochondria during the progression of ADRP should be examined in S334ter-4 RHO 

retinas. Despite studies demonstrating that retinal degeneration in rd1 mice occurs 

independent of p53 [62], others have demonstrated that the p53 gene plays a role in the 

regulation of photoreceptor apoptosis in inherited retinal degeneration [63], [64]. 

The expression of photoreceptor-specific transcription factors Nrl and Crx declined 

steadily in S334ter-4 RHO retinas between P10 and P21 and was reduced significantly in 

P21 retinas. These results suggest that in addition to the progressive collapse of 
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photoreceptors in S334ter-4 RHO retinas, the transcriptional inhibition of Nrl and Crx may 

also take place. For example, it has been proposed that the over-expression of leukemia 

inhibitory factor (LIF), which is highly induced in developing ADRP mice retinas that 

express a mutant rhodopsin protein [65], reduces Crx and Nrl-dependent transcription [66]. 

Another explanation of the transcriptional inhibition of the Nrl and Crx transcription 

factors is linked to the inhibition of histone deacetylases (HDAC) that are diminished 

during retinal degeneration [67] and affect the RNA levels of these genes [68]. Apparently, 

the level of Hdac expression is modified in S334ter-4 RHO retina. In support of this 

hypothesis we observed the elevation in Apaf1 gene expression (Figure 5) that has been 

proposed to depend on the Hdac gene expression [61]. The future study of HDAC 

expression would also shed light on the upregulation of the Apaf1 gene in S334ter-4 RHO 

photoreceptors. 

Our results describe mechanisms by which ER stress may be involved in the retinal 

pathology of S334ter-4 RHO rats, and how ER stress may be connected to mitochondrial 

dysfunction (Fig.S1). During hypoxia, the ER homeostasis in S334ter-4 RHO 

photoreceptors is compromised, which causes the activation of the UPR. The activation of 

UPR in S334ter-4 RHO photoreceptors leads to the upregulation of caspase-12 and BH3-

only pro-apoptotic proteins that together with calpains, affect mitochondrial function. Our 

study and several other studies, have demonstrated that ER stress- and mitochondria-

induced apoptosis culminate in the activation of caspase-3 in S334ter-4 RHO retinas. We 

believe that the activation of both ER stress- and mitochondria-originated apoptotic signals 

occur at approximately the same time (P12–P15) during retinal development in S334ter-4 

RHO rats. In favor of this hypothesis, the expression of pro-apoptotic Bcl2 genes was 
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significantly elevated in P12. Future experiments have to be conducted to establish a direct 

link between activation of the UPR and mitochondrial function in S334ter-4 RHO rats. We 

also demonstrate that the relative expression of the UPR, pro-apoptotic, and oxidative-

related genes in S334ter-4 RHO retinas have a temporal progression between P10 and P18. 

It is possible that cell death is executed rapidly and even the temporal expression of some 

genes in the P10–P15 retinas leads to apoptotic cell death. It is important to emphasize that 

in addition to caspase-dependent apoptosis occurring in S334ter-4 RHO photoreceptors, a 

caspase-independent pathway is induced by the release of AIF1 from the mitochondria. A 

study by Hong et al. has demonstrated a direct link between the release of the AIF1 factor 

from the mitochondria and the over-activation of PARP-1 [69] suggesting that our 

observation of AIF1 release could be considered as additional proof of a caspase-

independent pathway that occurs simultaneously in photoreceptor cells. However, 

additional studies are needed to determine if AIF1 release contributes to the proposed non-

apoptotic cell death in S334ter RHO photoreceptors [10]. 

Our findings indicate a number of genes that are potential therapeutic targets for ADRP 

gene therapy in S334ter RHO photoreceptors. This list includes but is not limited to Bik, 

Bim, Noxa, Puma and Bid proteins, calpains and caspase-12 proteins. Clearly, further 

studies are required to shed more light on the mechanisms involved in the induction of 

apoptosis, such as knocking down the expression of these genes in S334ter RHO retinas. 
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MODULATION OF CELLULAR SIGNALING PATHWAYS IN P23H RHODOPSIN 

PHOTORECEPTORS.  

 

 

Abstract 

We previously reported activation of the unfolded protein response (UPR) in P23H 

rhodopsin (RHO) retinas a model of autosomal dominant retinitis pigmentosa (ADRP). 

Knowing that the UPR can trigger Ca2 + release from the endoplasmic reticulum and 

regulate cellular signaling we examined the level of Ca2 +-regulated proteins. We also 

looked for changes in the expression of Bcl2 family proteins, autophagy proteins and the 

mTOR/AKT pathways, as well as for the induction of mitochondria-associated apoptosis 

in the P23H RHO retina. Our data demonstrated that the elevation of calpain and caspase-

12 activity was concomitantly observed with a decrease in the BCL2-XL/BAX ratio and 

an increase in mTor levels in the P23H-3 RHO retina suggesting a vulnerability of P23H 

RHO photoreceptors to apoptosis. The translocation of BAX to the mitochondria, as well 

as the release of cytochrome C and AIF into the cytosol supports this conclusion and 

indicates the involvement of mitochondria-induced apoptosis in the progression of ADRP. 

The level of autophagy proteins in general was found to be decreased in the P21–P30 P23H 

RHO retina. Injections of rapamycin, however, protected the P23H RHO rod 

photoreceptors from experiencing physiological decline. Despite this fact, the 

downregulation of mTOR did not alter the level of autophagy proteins. Our results imply 

that in addition to activation of the UPR during ADRP progression, photoreceptors also 

experience alterations in major proapoptotic pathways. 



63 

 

Introduction 

 

Retinitis pigmentosa (RP) is a heterogeneous group of eye disorders that result in 

irreversible blindness. Visual symptoms include night blindness, followed by photopia and 

decreasing visual fields, leading to tunnel vision and eventually legal blindness [1, 2]. Most 

frequently autosomal dominant RP (ADRP) is associated with mutations in rhodopsin 

(RHO), with such mutations accounting for approximately 25% of all ADRP cases [1]. 

Based on their biochemical and cellular properties, ADRP rhodopsin mutations have been 

classified into six groups, however most fall into the class I or class II categories [3]. Class 

I mutations can fold normally, but are not correctly transported to the outer segment. The 

S334ter RHO protein expressed in transgenic rats represents a Class I mutation. The 

substitution of proline for histidine at position 23 within the rhodopsin (P23H RHO) gene 

yields a Class II mutation. These RHO mutants are defective for proper folding. They are 

retained in the endoplasmic reticulum (ER) and are unable to form a functional 

chromophore with 11-cis-retinal [4]. 

In 1990 the P23H RHO mutant was proposed to cause ADRP [5]. Since then, the 

expression of P23H mutant rhodopsin (RHO) in photoreceptors has been studied in 

transgenic mice [6-8], rats [9- 11] and frogs [12-14]. Loss of photoreceptors and the course 

of visual decline have been previously described for rats expressing both the S334ter and 

P23H RHO transgenes (http://www.ucsfeye.net/mlavailRDratmodels.shtml) [15, 16]. 

However, molecular mechanism involved in the loss of vision in Class I and II mutations 

has not been studied in detail. Previously, we have demonstrated that activation of the 

unfolded protein response (UPR) occurs during retinal degeneration in both the S334ter 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0010
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0005
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0015
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0020
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0025
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0055
http://www.ucsfeye.net/mlavailRDratmodels.shtml
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and P23H RHO rat models [11, 17, 18]. In the S334ter transgenic retina we have also 

determined that activation of the UPR is associated with increased expression of the JNK, 

Bik, Bim, Bid, Noxa, and Puma genes and cleavage of caspase-12 that, together with 

activated calpains, presumably compromise the integrity of the mitochondrial function in 

ADRP photoreceptors [18]. In P23H-3 RHO rats there have been no cellular signaling 

pathways identified as being involved in the mechanism underlying photoreceptor 

degeneration with the exception of the UPR [11, 17, 19]. Therefore, there is a critical need 

to describe any pathways that are modified concomitantly with the activated UPR in P23H-

3 RHO photoreceptors in order to validate new therapeutic targets. 

The UPR is initiated by the activation of three signaling pathways (PERK, ATF6 and IRE1) 

and is required for controlling ER protein folding capacity and reestablishing homeostasis 

in the cell. Upon acute or unresolved ER stress, the UPR also triggers apoptosis, which 

eliminates any cell that is incapable of restoring proper protein folding and orchestrating a 

coordinated adaptive downstream response. Previously, we demonstrated that P23H-

3 RHO photoreceptors have an activated ER stress-induced caspase-7 [17] and a consistent 

increase in Bip and CHOP gene expression [11]. These results suggested that ER stress 

persists in P23H-3 RHO photoreceptors, which might stimulate apoptotic signaling in these 

animals. Subsequently the persistence of the UPR has been confirmed in our other 

study [11]. However, apart from the UPR, other signaling pathways have been found to 

originate from the ER and those pathways have not been properly investigated. For 

example, the Ca2 +-mediated signaling pathway could be triggered by the ER stress 

response leading to activation of calpains and caspase-12 [20, 21]. The Bcl2 family proteins 

are known to be upregulated during UPR activation via the transcriptional activity of ATF4 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0090
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0085
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0055
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0055
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and CHOP (Puma, Noxa and Bim). They can also be upregulated by activated JNK, which 

phosphorylates the BCL-2/BCL-XL proteins and additionally, promotes autophagosome 

formation by releasing the active beclin-1/PI3K complex from the ER. This complex is 

known to regulate ATG12–ATG5 formation and to promote the LC3-II conversion during 

the formation of autophagosomes [22]. Therefore, autophagy, the major degradation 

pathway after UPR activation in neuronal cells, could also be induced by ER stress. Both 

the PERK/eIF2α and IRE1 arms of the UPR have been implicated in the regulation of 

autophagy [23]. 

mTOR/AKT signaling is another example of a pathway that is tightly regulated by the 

UPR. We have previously reported that a T17M RHO retina that experiences UPR 

activation also demonstrates an elevation of mTOR protein and a decrease in 

phosphorylated AKT [21]. It has been demonstrated that the UPR can activate mTOR via 

ATF6a signaling [24]. The ATF6 UPR pathway was found to be upregulated in both P23H 

and T17M RHO retinas [17], [21], thus implying that similar to T17M RHO, P23H RHO 

photoreceptors could also have modified mTOR/AKT signaling. 

Thus, several signaling pathways have been identified that are mediated by the activation 

of the UPR, which is found in P23H-3 RHO photoreceptors [11, 17, 19]. They could be 

modified either by ER stress or independently altered to contribute to the mechanism of 

ADRP. In both scenarios, these signaling pathways could provide alternative therapeutic 

strategies in the P23H RHO retina in addition to gene therapy against mutant rhodopsin. 

Therefore, the major focus of this study is to identify whether UPR activation in P23H 

RHO photoreceptors is accompanied by changes in Ca2 +-induced signaling, autophagy, 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0110
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0115
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0105
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0120
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0085
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0105
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and mTOR/AKT pathways during ADRP progression and whether alterations in mTOR 

cellular signaling could be responsible for slowing the rate of retinal degeneration. 

Materials and methods 

 

 Animal use 

All animal procedures conformed to the Association for Research in Vision and 

Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research, and 

were approved by the Institutional Animal Research Committee of the University of 

Alabama at Birmingham. The P23H-3 RHO (line 3) rats were kindly provided by Dr. 

LaVail (UCSF). Rats were housed in specific pathogen-free (SPF) conditions with a 12-

hour light and 12-hour dark cycle. Animals were sacrificed by thoracotomy, and retinas 

were rapidly excised (removal of the lens), placed on an ice-cold plate, and stored at 

− 80 °C. 

 RNA preparation and quantitative real-time PCR 

Total RNA was isolated from individual SD and P23H-3 RHO (N = 4) retinas using an 

RNeasy Mini kit (Qiagen, Valencia, CA). We then used a high capacity cDNA reverse 

transcription kit (Applied Biosystems, Carlsbad, California, USA). Two cDNA reactions 

were prepared from each RNA sample and 10 ng cDNA was used for qRT-PCR using 

Applied Biosystems TaqMan assays that were validated for each selected gene on a One 

Step Plus instrument (Applied Biosystems, Foster City, CA). To analyze the samples, we 

compared the number of cycles (Ct) needed to reach the midpoint of the linear phase and 
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normalized all observations to the GAPDH housekeeping gene. The replicated RQ 

(Relative Quantity) values for each biological sample were averaged. 

 Retinal protein extract for western blot analysis 

We obtained retinal protein extracts from dissected retinas that were sonicated in a buffer 

containing 25 mM sucrose, 100 mM Tris–HCl, pH = 7.8, and a mixture of protease 

inhibitors (PMSF, TLCK, aprotinin, leupeptin, and pepstatin). The total protein 

concentration from individual retinas was measured using a Bio-Rad protein assay, and 

40 μg of total protein was used to detect individual proteins. The detection of proteins was 

performed using an infrared secondary antibody and an Odyssey infrared imager (Li-Cor, 

Inc.). Antibodies against PUMA (7467S), ATG5 (8540P), ATG7 (78558P), LC3 (#2775), 

mTOR (2983P), caspase-3 (9662P), caspase-9 (9507S) and caspase7 (9492P) were 

purchased from Cell Signaling (1:1000). Antibodies against AIF (sc5586), Cytochrome C 

(sc13156), NOXA (sc11718), and active BAX, which detects only the active form of the 

BAX protein (sc23959) were purchased from Santa-Cruz Biotechnology (1:1000). Anti-

caspase-12 (ab62484) and anti-pAKT (ab66138), which detects phosphorylated AKT, 

were purchased from Abcam (1:1000). We used an anti-BAX antibody (B8429) and an 

anti-Lamp2 (L0668) antibody from Sigma-Aldrich (1:1000). Β-Actin was used as an 

internal control and was detected using an anti-β-actin antibody (Sigma-Aldrich). 

 Intraperitoneal injection of rapamycin and ERG analysis 

A 10 mg/kg dose of rapamycin was used for injections. A water solution of 5% ethanol, 

5% tween-20 and 5% polyethylene glycol 400 was used to dissolve rapamycin and was 

also used in the vehicle-treated control injections. Starting at P15, daily intraperitoneal 
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injections (IPs) were performed in rats over the course of 10 days, during which no signs 

of weight loss were recorded. The ElectroRetinoGrams (ERG) of treated and untreated 

animals were recorded as previously described [25] at P30 and P45, which correlate with 

2 and 4 weeks post-treatment, respectively. Briefly, rats were dark-adapted overnight, then 

anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg). Their pupils were dilated 

in dim red light with 2.5% phenylephrine hydrochloride ophthalmic solution (Akorn, Inc.). 

The KC UTAS-3000 Diagnostic System (Gaithersburg, MD) was used to perform scotopic 

ERGs. The measurements were conducted using a wire contacting the corneal surface with 

2.5% hypromellose ophthalmic demulcent solution (Akorn, Inc.). The ERG was performed 

at different intensities including 0 dB (2.5 cd*s/m2), 5 dB (7.91 cd*s/m2), 10 dB 

(25 cd*s/m2), and 15 dB (79.1 cd*s/m2). 

Calpain activity assay 

The detection of calpain activity was performed using the Calpain Activity Assay kit from 

BioVision in accordance with the manufacturer's recommendations. The detection of the 

cleaved substrate Ac-LLY-AFC was performed using a fluorometer that was equipped with 

a 400-nm excitation filter and 505-nm emission filter. 

Isolation of mitochondria from rat retinas 

We separated the cytosolic fraction from the mitochondrial fractions from five individual 

P23H RHO and SD rats using the Mitochondria Isolation kit for Tissues (Thermo 

Scientific). The mitochondria were separated from the cytoplasm using the Dounce stroke 

method as recommended by the manufacturer. The protein concentration for each fraction 

was determined using a Bio-Rad protein assay. To confirm the absence of mitochondrial 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0125
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contamination in the cytoplasmic fractions, western blot was done using a COXIV antibody 

(Abcam). To confirm the absence of cytosolic contamination in the mitochondrial 

fractions, western blotting with an anti-actin antibody was employed (Sigma-Aldrich). 

 

Results 

 

We previously described the activation of the ER stress response in P23H-3 RHO rat 

retinas at P30 [17]. For this reason, the modulation of the other cellular signaling pathways 

in the P23H RHO photoreceptor was primarily studied at P30 and P40. 

The hallmarks of Ca2 +-induced signaling are upregulated in deteriorating P23H-3 

RHO photoreceptors 

We investigated the expression of Calpain 1 and 2, as well as Caspase-12, and found no 

differences in calpain 1 or 2 mRNA compared with controls. However, we did observe 

significant differences in the caspase-12 gene expression at P21, P30 and P40 (Fig. 1A). 

At each time point, caspase-12 mRNA was induced by more than 2-fold compared to SD. 

At P21, the relative caspase-12 expression was 3.67 ± 1.03 in P23H RHO vs. 1.60 ± 0.49 

in arbitrary units (a.u.) in SD, P < 0.05. At P30 it was 3.76 ± 0.18 in P23H RHO vs. 

1.38 ± 0.19 a.u. in SD, P < 0.05 and at P40 it was 2.36 ± 0.17 in P23H RHO vs. 

1.04 ± 0.09 a.u. in SD, P < 0.05. 

An analysis of activated calpain 1 and 2 demonstrated that at P30 and the activation of 

calpains was 30% higher in P23H RHO retinas compared to SD (0.45 ± 0.02 in P23H 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0085
http://www.sciencedirect.com/science/article/pii/S0898656813003896#f0020
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RHO photoreceptors vs. 0.34 ± 0.02 in SD a.u., P = 0.01) (Fig. 1B). Cleavage of caspase-

12 in P23H RHO retinas was 2.6-fold higher compared to SD (0.36 ± 0.06 in P23H 

photoreceptors vs. 0.14 ± 0.03 in SD a.u., P = 0.02) (Fig. 1C). 

The expression of Bcl-2 family proteins is modulated in P23H-3 RHO retina We 

analyzed Bcl-2 family protein expression by western blot analysis (Fig. 2) and found that 

the level of anti-apoptotic BCL2-XL protein was decreased in transgenic retinas by 0.6-

fold (0.15 ± 0.02 in P23H RHO photoreceptors vs. 0.24 ± 0.003 in SD a.u.) at P30 and by 

0.4-fold (0.095 ± 0.01 in P23H RHO photoreceptors vs. 0.23 ± 0.07 in SD a.u., P < 0.05) 

at P40. 

Alternatively, the expression of proapoptotic BH3-only proteins, such as BAX and PUMA, 

increased over time. The level of BAX was dramatically increased (136-fold) at P30 

(0.68 ± 0.18 in P23H photoreceptors vs. 0.005 ± 0.002 in SD a.u., P < 0.0001). At P40, 

BAX protein levels were significantly decreased (0.003 ± 0.0002 in 

P23H RHO photoreceptors vs. 0.002 ± 0.0002 in SD a.u.). PUMA protein was not 

statistically different compared to SD at P30 (0.059 ± 0.01 in P23H RHO photoreceptorsvs. 

0.060 ± 0.005 in SD a.u.), but at P40, its expression was significantly elevated by 1.7-fold 

(0.09 ± 0.004 in P23H photoreceptors vs. 0.05 ± 0.006 in SD a.u., P < 0.01). The level of 

NOXA protein decreased over time. However, this decrease was not statistically significant 

compared to SD at P30 (0.004 ± 0.0004 in P23H RHO photoreceptors vs. 0.005 ± 0.0007 

in SD a.u.). At P40, the level of Noxa was reduced by 40% (0.003 ± 0.0002 in P23H 

photoreceptors vs. 0.005 ± 0.0007 in SD a.u., P < 0.05). 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#f0005
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Fig.1.The activation of calpains, ER stress-induced caspase-12 and apoptotic protease 

activating factor-1-mediated caspase-9. (A) Relative caspase-12 gene expression in 

progressive P23H RHO retina. We analyzed caspase-12 gene expression by two-way 

ANOVA and found that at P21, P30 and P40 there was a greater-than 2-fold overexpression 

of caspase-12 mRNA in transgenic retinas (P < 0.05), N = 4. (B) We used the calpain μ 

and m activity assay, analyzed the results by a non-parametric t-test and found that the 

amount of the cleaved calpain substrate, Ac-LLY-AFC, was increased by 32% in 

transgenic retinas, N = 4. (C) The amount of cleaved caspase-12 was also elevated by 157% 

in P23H RHO retinas. (D) Images of western blots probed with anti-caspase-12 and anti-

β-actin antibodies, N = 4. (A–C) These data suggest that calpain and caspase-12 are 

activated in the P23H RHO retina at P30 and point toward excessive cytosolic Ca2 + content 

that could perhaps result from persistent ER stress. (E) Detection of cleaved-9 in P40 

transgenic retinas. We analyzed retinal protein extracts at P40 and found that the level of 

cleaved-9 was elevated in P23H RHO retina. The cleavage of caspase-9 was 40% higher 

in transgenic retina compared to SD (P < 0.05) and was coincided with the release of 

cytochrome C and AIF from the P23H RHO mitochondria. (F) Images of western blots 

probed with anti-caspase-9 and anti-β-actin antibodies, N = 4. 

 

Initiation of mitochondria-induced apoptosis in P23H RHO photoreceptors 

We separated the mitochondrial fraction of photoreceptor cells from the cytosol in order to 

analyze mitochondrial cytochrome C release and the translocation of AIF into the cytosol 

(Fig. 3). We found that as early as P21 there was accumulation of cytochrome C in the 

cytosol of P23H RHO retina photoreceptors (0.053 ± 0.011vs. 0.022 ± 0.005 in SD in a.u., 

P = 0.02). We also found the release of the AIF protein from mitochondria to cytosol. The 

cytochrome C and the AIF1 releases from the mitochondria were in agreement with 

elevation of the cleaved caspase-9 by 40% (0.19 ± 0.01 in P23H RHO photoreceptors vs. 

0.12 ± 0.01 in SD in a.u., P = 0.03) at P40, (Fig. 1E, F.) 
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Fig.2. Changes in the expression of Bcl2 family proteins in the progressive ADRP 

retina. (A) We analyzed retinal protein extracts from SD and P23H RHO rats by two-way 

ANOVA and found that the BCL2-XL protein was downregulated at P30 and P40 in 

P23H RHO photoreceptors. At P40, we observed a 59% reduction in the amount of BCL2-

XL protein (P < 0.05), N = 4. (B) BAX protein was significantly elevated by 1270% 

(P < 0.0001) at P30 and by 73% at P30 in the P23H RHO retina, N = 4. (C, D) PUMA and 

NOXA proteins had a unique pattern of expression. (C) The PUMA protein was elevated 

by 73% at P40 (P < 0.01) and (D) NOXA was diminished by 41% at P40 (P < 0.05), N = 4. 

(E) Images of western blots probed with ant-Bcl2-xl, BAX, PUMA, NOXA and β-actin 

antibodies, N = 4. 

 

We also found that BAX translocated to the mitochondria in P23H RHO photoreceptors at 

P40 and that the level of oligomerized BAX protein in the mitochondria of transgenic rats 

was 4.7-fold higher than in SD (0.047 ± 0.008 vs. 0.011 ± 0.005 in a.u., P = 0.009). 

 

 

 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#gr3
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Fig. 3. Mitochondria-induced apoptosis in the P23H RHO retina. We separated the 

retinal cytosolic and mitochondrial fractions (N = 4) and analyzed the cytosolic fraction by 

probing western blots with antibodies against cytochrome C and cleaved AIF. (A) Using a 

non-parametric t-test, we found that at P21 there was a release of cytochrome C from the 

P23H RHO mitochondria to the cytoplasm. The observed density was 140% higher in 

transgenic cytosol samples compared to SD (P = 0.02). In addition, we observed a release 

of cleaved AIF from P23H RHO mitochondria The observed density for the corresponding 

band was 290% higher in P23H RHO rats compared to SD, (P = 0.002). At P40, we 

detected the translocation of BAX protein into the mitochondria of 

P23H RHO photoreceptors. The density for the corresponding band was 327% higher in 

transgenic photoreceptors than in SD (P = 0.009). The observed time point for this 

translocation (P40) does not exclude the possibility that BAX protein translocates to the 

mitochondria at earlier time points. (B) Western blot images for blots treated with anti-

cytochrome C, AIF and BAX antibodies experiment with running anti-β-actin control for 

the mitochondrial fraction (two last lanes are positive controls) and COXIV control for the 

cytoplasmic fraction (two last gels are positive controls). 

 

Autophagy is modified in the ADRP retina 

The SD and P23H-3 RHO RNA extracts from P13, P21, P30, P40 and P60 retinas were 

analyzed to detect expression of the Atg5, Atg7, Lamp2 and Lc3 autophagy genes 

(Fig. 4A). The results of this experiment demonstrated that the pattern of autophagy gene 

expression was not uniform. For example, in P13 retinas expression of Atg7 and Atg5 

genes was increased by 2.3 ± 0.14 and 1.6 ± 0.29 fold, (P < 0.0001 and P < 0.5), 

respectively while expression of the Lamp2 was only 0.43 ± 0.11, P < 0.05 of SD. At P21, 

expression of Atg5, LC3 and Lamp2 was significantly increased and was 3.18 ± 0.22, 

P < 0.0001, 2.33 ± 0.18, P < 0.0001 and 4.05 ± 0.39, P < 0.0001, respectively compared to 

SD, however, expression of Atg7 did not differ significantly from SD retinas. At P30, Atg7 

and Lc3 gene expression remained elevated by 1.74 ± 0.19, P < 0.01 and 1.75 ± 0.19, 

P < 0.01, respectively while expression of the Lamp2 and Atg5 genes was downregulated. 

At P40 expression of all the genes, except Atg5, was significantly upregulated and was 

1.6 ± 0.15, P < 0.05; 1.90 ± 0.30, P < 0.05 and 3.06 ± 0.27, P < 0.0001 fold higher than SD 
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for Atg7, Lamp2 and Lc3, respectively. By P60 expression of all genes was reduced, 

however only the decrease in Atg5 gene expression was significant. (0.5 ± 0.13 of SD 

P < 0.05). 

We tested protein extracts from SD and P23H RHO retinas and found that the changes in 

the protein level of ATG5, ATG7, LAMP2 and LC3 did not correlate with alterations in 

the autophagy gene expression over the time (Fig. 4B). For example, all proteins with the 

exception of ATG5 at P30 and LC3 at P60 were either not significantly changed or 

significantly downregulated compared to SD. ATG5 was elevated by more than 3-fold 

(0.28 ± 0.023 in SD vs. 1.01 ± 0.078 in P23H-3 RHO, in a.u., P < 0.0001 at P30) and was 

downregulated by nearly 2-fold (0.45 ± 0.029 in SD vs. 0.247 ± 0.040 in P23H-3 RHO 

a.u., P < 0.01) at P60. 

ATG7 was significantly diminished at both the P30 and P60 time points and was 

0.45 ± 0.074 in SD vs. 0.22 ± 0.044 in P23H-3 RHO a.u., P < 0.001 and 0.25 ± 0.015 in 

SD vs. 0.058 ± 0.0128 a.u. in P23H-3 RHO, P < 0.01, respectively. LAMP2 was also 

downregulated at P30 by over 50% and was 1.17 ± 0.17 in SD vs. 0.59 ± 0.093 in P23H-3 

RHO a.u., P < 0.05. In contrast, the LC3 protein showed an increase of 64% at P60 and 

was 1.88 ± 0.21 in SD vs. 3.03 ± 0.27 in P23H-3 RHO in a.u., P < 0.01 
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Fig. 4. Autophagy gene and protein expression are modified in P23H-3 RHO 

photoreceptors in a multiphasic manner. (A) Atg5, Atg7, Lamp2 and Lc3 gene 

expression in P13, P21, P30, P40 and P60 P23H RHO retinas (N = 4). At P13, expression 

of Atg5 and Atg7 was upregulated in ADRP photoreceptors by 1.6 and 2.4-fold 

respectively, while expression of Lamp2 was downregulated by 2-fold. At P21, expression 

of all genes, except Atg7, was upregulated by 3-, 4- and 2.3-fold for Atg5, Lamp2 and Lc3, 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#gr4
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respectively. At P30, expression of ATG7 was the only one significantly higher compared 

with controls. At P40, Atg7, Lamp2 and Lc3 gene expression was significantly elevated by 

1.6-, 1.9- and 3.0-fold. At P60, expression of all genes was similar to SD with the exception 

of Atg5, which was downregulated by 2-fold. (B) The level of ATG5, ATG7, LAMP2 and 

LC3 proteins was detected in P21, P30, P40 and P60 P23H-3 RHO retinas (N = 4) and the 

pattern of protein expression was found to be different from that of mRNA. At P21, no 

difference in ATG5, ATG7, LC3 and LAMP2 protein was observed in ADRP 

photoreceptors. At P30, we found that ATG5 protein levels were increased by 3.1-fold 

while levels of ATG7 and LAMP2 protein were decreased by 40% and by 50%, 

respectively. At P60, the level of LC3 protein was 60% higher in ADRP photoreceptors vs. 

SD photoreceptors, which was significant. 

 

 mTOR/AKT signaling is modified in progressive P23H RHO photoreceptors 

We analyzed mTOR and phosphorylated AKT (pAKT) in P30 and P40 retinas and found 

that the level of mTOR protein was elevated in P23H RHO animals by 290% at P30 

(0.029 ± 0.002 vs. 0.01 ± 0.009 in SD a.u.), P < 0.05 and by 430% at P40 (0.009 ± 0.003vs. 

0.002 ± 0.0003 in SD a.u.) (Fig. 5). In contrast, pAKT protein was significantly 

downregulated by 75% at P30 (0.013 ± 0.002 in P23H photoreceptors vs. 0.051 ± 0.009 in 

SD a.u.), P < 0.001 and by 44% at P40 (0.026 ± 0.04 in P23H photoreceptors vs. 

0.046 ± 0.005 in SD a.u.), P < 0.05. 

Injection of rapamycin decreases the level of mTOR and slows the rate of retinal 

degeneration 

Knowing that rapamycin could modify mTOR signaling, we performed IP injections in 

P23H-3 RHO rats. Fig. 6 demonstrates results of the scotopic ERG analysis in RP-treated 

and V-treated rats. Analysis of scotopic ERGs revealed that a-wave amplitude was slightly 

increased in the RP-treated P23H-3 RHO rats at 2 weeks post-treatment (216 ± 8.8 in V-

treated vs. 245 ± 11.98 in RP-treated retinas) and was increased by 40% in P23H-3RHO 
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rats at 4 weeks post-treatment compared with controls (176.4 ± 9.4 in V-treated vs. 

249 ± 16.5 in RP-treated), P < 0.05. The b-wave amplitude of the scotopic ERG and the a- 

  

Fig. 5. The mTOR/AKT pathway is modified in the progressive ADRP retina. We 

analyzed retinal protein extracts from SD and P23H RHO rats by two-way ANOVA and 

determined that mTOR protein expression was significantly elevated in the 

P23H RHO retina at P30 (by 290%; P < 0.05), N = 4. The level of pAKT was reduced at 

P30 by 75% (P < 0.001) and at P40 by 44% (P < 0.05), N = 4. Bottom: Images of western 

blots for P23H-3 RHO and SD at P30 probed with anti-mTOR, pAKT and β-Actin 

antibodies. 

 

and b-wave amplitudes of the photopic ERG did not change in the RP-treated P23H-

3 RHO rats. Analysis of retinal protein extracts demonstrated that the mTOR protein was 

downregulated in RP-treated animals by nearly 2-fold (0.18 ± 0.02 in RP-treated rats vs. 

0.34 ± 0.008 in V-treated animals, P = 0.012.) 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#gr5
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Fig. 6. Injection with rapamycin slows the decline of scotopic a-wave ERG amplitude. 
(A) A 40% increased in a-wave amplitude of scotopic ERGs was observed in P23H-3 RHO 

rats IP-injected with rapamycin (RP) (N = 8) vs. vehicle (V)-injected (N = 6) rats, P < 0.05. 

There was no difference between a-wave amplitudes in RP-treated animals at 2 and 4 weeks 

while V-treated rats demonstrated a continued decline in a-wave amplitude. The B-wave 

amplitude in rats treated with rapamycin was not changed (not shown). (B). IP-injected 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#gr6
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rapamycin led to a decrease in mTOR levels in the P23H-3 RHO retina after 2 weeks post-

treatment. Nearly a 2-fold decrease in the level of mTor was observed in RP-treated 

animals, P = 0.012. (C) Images of blots probed with anti-mTor and β-actin antibodies (D) 

Images of the scotopic ERG amplitudes registered at 0 dB or 2.5 cd⁎s/m2 in RP- and V-

treated P23H RHO rats. 
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Discussion 

 

Apoptosis has been shown to be the common pathway of photoreceptor cell death in several 

animal models of inherited retinal degeneration [26]. For example, in rd mice carrying 

mutant rod cGMP phosphodiesterase, the photoreceptors were found to die by apoptosis. 

In S334ter and P23H RHO rats, strong activation of calpain and poly-(ADP-ribose) 

polymerase (PARP), concomitant with calpastatin downregulation, increased oxidative 

DNA damage and accumulation of PAR polymers was strictly correlated with the temporal 

progression of retinal degeneration [27]. We have previously reported UPR activation in 

both mutant RHO transgenic rat models. Therefore, because the UPR might affect general 

signaling networks in photoreceptor cells, this study focused on some of the pathways that 

have been reported to be tightly controlled by the UPR. 

Supporting the hypothesis of a persistent UPR in P23H-3 RHO photoreceptors, the 

induction of Ca2 + signaling was observed at P30. The observed activation of calpain and 

caspase-12 at P30 suggests that Ca2 + release from the persistent UPR may occur. Calpain 

activity is highly controlled in vivo by multiple mechanisms, including phosphorylation by 

PKA, which negatively regulates calpain activity, and an endogenous inhibitor, 

calpastatin [28]. Therefore, the activation of calpain in P23H-3 RHO photoreceptors 

implies either excessive cytosolic Ca2 + and/or downregulation of PKA. Neither of these 

phenomena has thus far been tested in the P23H RHO retina. 

The level of Bcl2 family proteins was also altered during the activated UPR in P23H-3 

RHO retina. For example, the anti-apoptotic BCL2-XL protein was reduced at P30 and 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0130
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0135
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0140


83 

 

P40, which is indicative of the induction of transcriptional CHOP during UPR activation, 

as has been previously shown in P23H-3 RHO retinas [17] and [19]. Elevated CHOP may 

negatively regulate BCL2-XL gene expression [29]. In addition, p53 could be upregulated 

and, together with TATA binding protein, negatively control Bcl-2 gene expression by 

binding to the Bcl2 promoter TATA sequence [30]. Alternatively, the BAX protein was 

highly upregulated at P30, which suggests that the BAX/BCL2-XL ratio is significantly 

increased in transgenic rats. This in turn could determine the vulnerability of P23H-

3 RHO photoreceptors to apoptosis that was confirmed in our experiments by detection of 

the cleaved caspase-12 and -9. In addition, we found that the BAX protein translocated to 

the mitochondria at P40 leading to disrupted mitochondrial activity. The observed time 

point for translocation (P40) does not exclude the possibility that BAX translocated at 

earlier time points. In line with this hypothesis, we observed the release of 

cytochrome C and AIF from the mitochondria to the cytosol of P23H RHO photoreceptors 

at P21. It is thus possible that this translocation could occur much earlier. 

Other BH3-only proteins such as PUMA and NOXA also demonstrated altered expression 

at P30 and P40. Surprisingly, their changes in P23H-3 RHO photoreceptors were distinct. 

If the PUMA protein was increased at P40, then NOXA was decreased. Both proteins are 

well-known p53-inducible proapoptotic members and could participate in cell signaling 

differently [31]. For example, in normal cells, the disrupted MPTP induced by PUMA, but 

not NOXA, is mediated in part by a Ca2 + release from the ER [31]. However, upon 

expression of an oncoprotein such as E1A, induction of MPTP by NOXA occurs in cells 

in an ER-independent manner [31]. This fact provides additional evidence that the ER 

stress-induced release of Ca2 + to the cytosol occurs in the P23H RHO retina. 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0085
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0095
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0145
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0150
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0155
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0155
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0155
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Autophagy has been implicated in various diseases including cancer, neurodegenerative 

diseases, pathogen invasion, as well as muscle and liver disorders. Interestingly, autophagy 

has been shown to be both beneficial and harmful [32]. In photoreceptor cell death, 

autophagy participates in the initiation of apoptosis [33] via a mechanism that in part 

depends on the Fas receptor. Autophagy has been shown to occur in photoreceptors as part 

of the basal processing of rod outer segments [34], as well as in animal models of hereditary 

retinal degeneration [35]. In our study we found that expression of autophagy-associated 

mRNAs was upregulated in the P23H-3 RHO retina and demonstrated a dynamic 

expression profile with a major increase in mRNA expression at P21. However, the UPR 

has been previously shown to be activated at P30 in P23H-3 RHO retina, and the PERK 

signaling pathway could perhaps be activated even earlier, leading to an upregulation of 

autophagy-related genes [36]. Regardless, by P60 a drop in the expression of autophagy-

related genes was observed. However, the ER stress-induced Bip and CHOP mRNAs are 

significantly higher in P23H-3 RHOretinas at P60 as compared to SD [11]. That would 

suggest that a cellular mechanism other than the UPR controls autophagy gene expression 

in P23H-3 RHO photoreceptors. 

Interestingly, protein levels of the corresponding autophagy genes did not mimic the 

dynamic alterations seen in the gene expression of the P23H-3 RHO retina. Recently, it 

was demonstrated that only 40% of the variation in protein concentration could be 

explained by knowing mRNA levels [37]. The remaining 60% of the variation in protein 

concentration could be determined by the rate of production and degradation of the 

participating molecules including the stability of mRNA. The role of miRNAs and RNA-

binding proteins as potential mechanisms for regulating protein abundance was recently 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0160
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0165
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0170
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0175
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0180
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0055
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0185


85 

 

highlighted [37] and the influence of miRNA deregulation on chaperone-mediated 

autophagy was also revealed [38]. In the P23H-3RHO retina we observed a significant 

increase in autophagy gene expression at P21 that did not result in elevated levels of 

autophagy proteins. Moreover, at P30 the downregulation of LAMP2 and ATG7 proteins 

was observed. The only exception was ATG5 that was elevated more than 3-fold compared 

to controls at P30. Perhaps, ATG5 translation was not as affected by posttranslational 

modifications compared to ATG7, LAMP2 and LCA3 proteins whose levels may have 

been inhibited by either RNA–protein binding or by protein–protein interactions. 

Therefore, the elevated ATG5 protein level at P30 is a consequence of an increase in its 

mRNA at P21. For example, it was recently proposed that β-catenin could negatively 

regulate autophagy by suppressing formation of the autophagosome and forming the β-

catenin–LC3 complex [39]. Another example is p62 that binds directly to LC3 leading to 

degradation of p62- and LC3-positive bodies [40]. This could happen in addition to a well-

known negative regulation of autophagy by mTOR, Bcl2, Beclin1 and p53 [41]. In 

agreement with these findings we found significant upregulation of mTOR protein at P30. 

mTOR/AKt is known to be a negative regulator of autophagy [42], and its activity could 

attenuate autophagy and initiate lysosomal reformation. Recently, it has been found that 

during photoreceptor apoptosis in retinal degeneration in rd mice, the AKT survival 

pathway is inactivated [43]. In our ADRP rat model, we also observed downregulation of 

pAKT, which suggests that the inactivation of this pathway might have contributed to 

photoreceptor cell death. Thus, mTOR is highly upregulated in P30 P23H RHO retinas, 

which is in agreement with the activation of ATF6 [17]. With respect to the UPR, these 

data suggest that P30 is a critical time point for P23H-3 RHO photoreceptors, at which the 

http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0185
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0190
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0195
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0200
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0205
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0210
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0215
http://www.sciencedirect.com/science/article/pii/S0898656813003896#bb0085
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decision is made by the cell whether or not to prolong the UPR and to switch from pro-

survival to pro-death UPR signaling. For this reason, we decided to modulate the mTOR 

protein using peritoneal injections of rapamycin. We found that the injections lead to an 

increase in the scotopic a-wave ERG response at 4 weeks after treatment. However, this 

treatment protected photoreceptors from further functional decline instead of rescuing 

vision in ADRP rats. It also needs to be mentioned that only the rod photoreceptor cells 

were sensitive to this treatment and that photopic ERG response, typical for cone 

photoreceptors was not altered. This would suggest that the major biochemical imbalance 

associated with an increase in mTOR occurs specifically in rod photoreceptors and that 

downregulation of mTOR benefits the ADRP rods expressing P23H RHO. 

Surprisingly, we found that inhibition of mTOR in treated retinas did not lead to an increase 

in autophagy protein production and that the ATG5, ATG7, LAMP2 or LC3 proteins were 

not altered. This fact would suggest that while downregulation of mTOR is sufficient to 

protect the P23H-3 RHO photoreceptors from functional decline to some degree, proteins 

other than mTOR are also able to negatively regulate the level of autophagy in the P23H-

3 RHO retina. 
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Conclusions 

 

The current findings demonstrate that modulation of cellular networking occurs in P23H 

RHO photoreceptors concomitantly with the activation of the UPR. We demonstrated that 

during ADRP progression, mTOR/AKT and autophagy signaling, along with the 

expression of Bcl2-family proteins, was altered, and that these alterations coincided with 

changes in Ca2 +-regulated calpain and caspase-12 activation. In addition, we found that 

BAX translocated to the mitochondria and that this appeared to lead to mitochondria-

induced apoptosis during ADRP progression. These data indicate the potential link 

between activation of the UPR and modulation of cellular signaling networks in P23H-3 

RHO photoreceptors. However, additional experiments, including the modulation of UPR 

signaling by activating or inhibiting individual UPR arms in P23H-3 RHO retinas are 

necessary to uncover their relationships in the progressive ADRP retina. These results also 

point to a potential therapeutic target for blocking ADRP progression in P23H-3 RHO rats. 

Using mTOR inhibitors such as rapamycin that have been successfully tested in 

mice [44], [45] and [46], and now in rats, could be a promising therapeutic approach for 

treating ADRP. 
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UNFOLDED PROTEIN RESPONSE-INDUCED DYSREGULATION OF CALCIUM 

HOMEOSTASIS PROMOTES RETINAL DEGENRATION IN RAT MODELS OF 

AUTOSOMAL DOMINANT RETINITIS PIGMENTOSA.   

 

Abstract 

 

The molecular mechanism of autosomal dominant retinitis pigmentosa (ADRP) in 

rats is closely associated with a persistently activated unfolded protein response (UPR). If 

unchecked, the UPR might trigger apoptosis, leading to photoreceptor death. One of the 

UPR-activated cellular signaling culminating in apoptotic photoreceptor cell death is 

linked to an increase in intracellular Ca2+. Therefore, we validated whether ADRP retinas 

experience a cytosolic Ca2+ overload, and whether sustained UPR in the wild-type retina 

could promote retinal degeneration through Ca2+mediated calpain activation. We 

performed an ex-vivo experiment to measure intracellular Ca2+ in ADRP retinas as wells 

as to detect the expression levels of proteins that act as Ca2+-sensors. In separate 

experiments with the subretinal injection of tunicamycin (UPR inducer) and a mixture of 

calcium ionophore (A231278) and thapsigargin (SERCA2b inhibitor) we assessed the 

consequences of a sustained UPR activation and increased intracellular Ca2+ in the wild-

type retina, respectively by performing scotopic ERG, histological, and western blot 

analyses. Results of the study revealed that induced UPR in the retina activates calpain-

mediated signaling and increased intracellular Ca2+ is capable of promoting retinal 

degeneration. A significant decline in ERG amplitudes at 6 weeks post treatment was 

associated with photoreceptor cell loss that occurred through calpain-activated 

CDK5pJNK-Csp3/7 pathway. Similar calpain activation was found in ADRP rat retinas. A 
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2-fold increase in intracellular Ca2+ and up- and down-regulations of ER membrane-

associated Ca2+-regulated IP3R channels and SERCA2b transporters were detected. 

Therefore, sustained UPR activation in the ADRP rat retinas could promote retinal 

degeneration through increased intracellular Ca2+ and calpain mediated apoptosis.   
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Introduction 

 

Rat models of autosomal dominant retinitis pigmentosa (ADRP), the S334ter and P23H 

RHO rats expressing truncated and mutant mouse rhodopsins, experience severe retinal 

degeneration. The ADRP progression in these animals is characterized by an activated 

unfolded protein response (UPR) and the mitochondrial dysfunction (1-3). Recent work 

conducted with ADRP mice models has revealed that the persistently  activated UPR could 

be responsible for promoting retinal degeneration via the activation of an inflammatory 

response(4). However, in addition to modulated expression of interleukins IL-1b and IL-6 

cytokines, the activated UPR may promote cytotoxicity through Ca2+ depletion from the 

ER, thus affecting the function of the mitochondria(5).   

It is known that the ER serves as the primary store and regulator of Ca2+ in cells governing 

protein synthesis, gene expression, secretion, metabolism, and apoptosis(6). Therefore, the 

ER disturbance results in a release of Ca2+ into the cytosol, after which free Ca2+ can be 

either transported to the mitochondria or directly activate cytotoxic cellular pathways(7). 

The findings support the fact that Ca2+ transport from the ER to mitochondria plays a 

significant role in regulating cellular bioenergetics, the production of reactive oxygen 

species, the induction of autophagy, and apoptosis (8-10).   

It has been found that in photoreceptors, different cellular compartments demonstrate a 

marked variation in Ca2+ concentrations, perhaps associated with their varying functions, 

including the transduction of photon energy into an electrical signal and transcriptional, 
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translational, metabolic, and synaptic properties (11). For example, the cGMP-regulated 

cyclic-nucleotide-gated cation channels (CNGCs) regulated by the phototransduction 

cascade and the voltage-gated calcium channels (VGCCs) regulated by light-induced cell 

membrane hyperpolarization. CNGCs and VGCCs are located on the outer segments (OS) 

and in the cell body and synaptic terminal, respectively. In addition, store-operated calcium 

entry (SOCE) channels in the plasma membrane, sarco/endoplasmic reticulum Ca2+-

ATPase transporters (SERCA), inositol triphosphate receptors (IP3), and ryanodine 

receptors in the ER, and the voltage dependent anion channels (VDAC) in the mitochondria 

have also been shown to contribute to the regulation of intracellular Ca2+in 

photoreceptors(12, 13).  

Thus, Ca2+-induced cell death in addition to apoptotic cell death has been proposed to occur 

in the outer nuclear layer (ONL) of the retina of transgenic animals mimicking human 

retinal degeneration (14).  

There are several studies supporting the hypothesis that Ca2+-induced photoreceptor cell 

death plays a crucial role in ADRP pathogenesis. D-cis-diltiazem, the CNGC and VGCC 

Ca2+ channel antagonist, has been reported to delay the kinetics of rod degeneration in rd1 

mice (15). An alternative therapeutic strategy inhibiting calpain activity has been also 

successfully applied to retard ADRP progression (16-18). Despite the fact that progress has 

been made in understanding the significance of Ca2+ overload in degenerating 

photoreceptors, direct evidence of Ca2+ overload in ADRP photoreceptors has not been 

provided. Importantly, the role of an activated UPR in promoting Ca2+-mediated 

cytotoxicity in degenerating photoreceptors and has not been studied yet.    
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Therefore, we hypothesized that a persistently activated UPR contributes into an  

intracellular Ca2+overload in ADRP retinas and a cytosolic Ca2+ overload triggers a loss of  

photoreceptor function, eventually leading to photoreceptor cell death in rat models of 

ADRP. 

Materials and Methods 

 

 Ethics statement  

The animal protocol was carried out with approval from the Institutional Animal Care and 

Use Committee at the University of Alabama at Birmingham and in accordance with the 

guidelines of the Association for Research in Vision and Ophthalmology statement for the 

use of Animals in Ophthalmic and Vision Research. All efforts were made to minimize 

the number and the suffering of the animals used.  

Animal models  

Homozygous S334ter RHO (line 4) and P23H RHO (line 3) transgenic rats were 

maintained in the UAB housing facility and were bred with wild-type (WT) Sprague-

Dawley (SD) rats to generate heterozygous S334ter-4 RHO and P23H-3 RHO rats. 

Therefore, the SD rats were used as WT controls in our experiments. The animals were 

sacrificed on postnatal days (P) P13, P21, P30, P40, and P60 for RNA, protein analyses, 

calcium measurement, and photoreceptor isolation. All rats were maintained in specific 

pathogen-free (SPF) conditions with a 12-hour light and 12-hour dark daily cycle.  
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Measurement of cytosolic calcium concentrations in photoreceptors.   

Retinas were harvested from S334ter, P23H, and SD rats under a dissecting microscope 

in dim red light. The retinas were  incubated with Ca2+ indicator dye Fluo4 AM  (Life 

technologies, F14201- 10uM) and Calcein redorange AM to detect viable cells (Life 

technologies C34851- 5 uM) for 90 minutes in Ames media at 36ºC (Sigma; pH 7.4, 

equilibrated with 95% O2 and 5% CO2) and Pluronic acid (Life Technologies P6866-10 

uM). Retinas were flat mounted to orient the photoreceptor cell side upwards in the 

perfusion chamber (perfused 2–4 ml/min with oxygenated Ames media at 36ºC). Flat 

mounted retinas were imaged using infrared light on a Zeiss Axioskop microscope 

equipped with a 40X long working distance water-immersion objective. Fluo4 

fluorescence was measured using a 488-nm excitation light from an Excite light source to 

detect fluorescence from free calcium. Viable cells were identified by Calcein 

fluorescence in response to a 577-nm excitation light, Fluorescence images were acquired 

with an Axiocam hRM camera and Axiovision 4.6 software. Fluorescence levels of 

individual photoreceptors from all rat strains were measured and quantified from the 

fluorescence images of flat mount retinas using Image J. Only individual viable 

photoreceptors with both Calcein AM and Fluo4 AM fluorescence were counted.  

RNA preparation and real-time PCR analysis 

Retinas from SD, S334ter-4 RHO, and P23H-3 RHO rats were isolated at P13, P21, P30, 

P40, and P60. Total RNA was isolated from the individual retinas from each strain using 

Trizol (N= 5). cDNA was prepared using a cDNA Reverse transcription kit (Applied 

Biosystems) from the RNA extracts of SD, S334ter-4 RHO, and P23H-3 RHO retinas. 

Each cDNA (20 ng) was subjected to qRT-PCR using Applied Biosystems TaqMan assays 
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(validated for each selected gene) on a One Step Plus instrument (Applied Biosystems, 

Foster City, CA) to compare the number of cycles (Ct) needed to reach the midpoint of 

the linear phase. All observations were normalized to the GAPDH housekeeping gene. 

The replicated RQs (Relative Quantity) values for each biological sample were averaged. 

Biological samples from each strain were used for the qPCR data analysis.  

 

Retinal protein extract for Western blot analysis  

Retinal protein extracts were obtained from dissected retinas by sonication in a buffer 

containing 25 mM of sucrose, 100 mM of Tris-HCl, pH = 7.8, and a mixture of protease 

inhibitors (PMSF, TLCK, aprotinin, leupeptin, and pepstatin). The total protein 

concentration in the right and left retinas from individual rat pups was measured using a 

Biorad protein assay, and 40 μg of total protein was used to detect individual proteins. The 

detection of proteins was performed using an infrared secondary antibody and an Odyssey 

infrared imager (LiCor, Inc.). Antibodies against phosphorylated (p) IP3R (#S1756), 

Calpastatin (#4146S), M-Calpain (#2556S), and P-SAPK/JNK (46668P) are from Cell 

Signaling Technology. Serca2b (#ab2861), Calcineurin (ab3673), antibodies were 

purchased from Abcam. Bax inhibitor 1 was obtained from Novus Biologicals (#NBP2-

24912), antibodies against Bip (#sc-1050) and CDK5 (SC173) from Santa Cruz; and B 

actin from Sigma Aldrich (#A1978). All antibodies we used at a dilution of 1:1000.   

Intravitral injection  

Two different treatment groups were generated by intravitreal drug injections. In the 1st 

group, SD rats at P21 were injected intravitreally with UPR inducer Tunicamycin (2ug 
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Sigma T7765) and contralateral eyes were injected with vehicle. Retinas were extracted 

at postinjection days 1, 4, and 8 from injected eyes and compared for the protein 

expression of the markers of calcium-induced apoptosis with Western blot.  In the next 

treatment, different groups of SD rats at P21 were injected intravitreally with calcium 

ionophore A23187 (500 ng Sigma #C7522) and Thapsigargin (100ng Sigma #T9033) 

together. Injected animals were analyzed for retinal functional testing (ERG) 2, 4, and 6 

weeks following the injection as well as for the activation of calcium-induced apoptosis 

36 hours after injection.    

Scotopic ERG 

Rats were dark-adapted overnight, then anesthetized with ketamine (100 mg/kg) and 

xylazine (10 mg/kg). The pupils were dilated in dim red light with 2.5% phenylephrine 

hydrochloride ophthalmic solution (Akorn, Inc.). Scotopic ERGs were recorded using a 

wire contacting the corneal surface with 2.5% hypromellose ophthalmic demulcent 

solution (Akorn, Inc.). The ERG was performed at the following light intensities: −20 dB 

(0.025 cd*s/m2), −10 dB (0.25 cd*s/m2), 0 dB (2.5 cd*s/m2), 5 dB (7.91 cd*s/m2), 10 dB 

(25 cd*s/m2), and 15 dB (79.1 cd*s/m2). Five scans were performed and averaged for each 

light intensity. The a-wave amplitudes were measured from the baseline to the peak in the 

cornea-negative direction, and the b-wave amplitudes were determined from the cornea-

negative peak to the major cornea-positive peak. The signal was amplified, digitized, and 

stored using the LKC UTAS-3000 Diagnostic System (Gaithersburg, MD).  

Calpain activity assay 
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The detection of calpain activity was performed using the Calpain Activity Assay kit from 

BioVision according to the manufacturer's recommendations. The activation of calpains 

in intravitreal drug-injected (calcium ionophore and thapsigargin) and vehicle-injected SD 

retinal tissues was compared. The detection of the cleavage substrate Ac-LLY-AFC was 

performed in a fluorometer that was equipped with a 400-nm excitation filter and 505-

emission filter (Perkin Elmer 1420 multilabel counter Victor3 V).  

Caspase-3/7 activity assay 

Caspase-3/7 activity was measured using Caspase-3/7-Glo assay system kit from Promega 

(# G8090) as per the manufacturer’s instructions. The retinal protein extract of intravitreal 

drug- (calcium ionophore and thapsigargin) and vehicle-treated SD animals were 

compared for caspase-3/7 activity. The luminescent signal generated from caspase 

cleavage by substrate was measured in a luminometer (Perkin Elmer 1420 multilabel 

counter Victor3 V).  

Histological analysis 

Rats were euthanized using a CO2 chamber. The eyeballs were enucleated, affixed in 4% 

freshly made paraformaldehyde (Cat# S898-09 J.T.Baker, Phillipsburg, NJ, USA), and 

kept at 4 °C for 8 h. Then, the eyes were hemisected and the eyecups were transferred to 

fresh PBS to remove formaldehyde and then immersed in a 30% sucrose solution for 

cryoprotection. Eyecups were then embedded in a cryostat compound (Tissue TEK OCT, 

Sakura Finetek USA, Inc., Torrance, CA, USA) and frozen at −80 °C. Twelve-micron 

sections were obtained using a cryostat. To count the nuclei of photoreceptors, we stained 

cryostat-sectioned retinas with H&E using an H&E stain Kit (Cat#3490). Other slides 
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were used for immunohistochemistry. Digital images of the right and left retinas of 

individual rats were taken, and the outer segment length was analyzed in the central 

superior and inferior retinas, located equidistant from the ONH. Images were analyzed by 

an investigator blinded to the experimental conditions. All sections were examined on a 

microscope equipped with a digital camera (Carl Zeiss Axioplan2 Imaging microscope 

B000707, Carl Zeiss, Gottingen, Germany).  

Immunohistochemical analysis 

Twelve-micron sections were obtained and fixed on polylysine treated glass slides. Slides 

were warmed for 30 min at 37 °C and washed in 0.1 M PBS for 10 min three times. Slides 

were kept in blocking buffer with 10% normal goat serum and 0.3% Triton solution for 

1 h at room temperature and washed with PBS three times. The sections were incubated 

with primary antibody for VDAC (cell signaling #4866S) at 4 °C overnight. The slides 

were then washed three times with PBS and incubated with secondary antibody for 1 h at 

room temperature. After washing, the sides were cover slipped using a mounting medium 

containing DAPI and allowed to dry for 1 h. Images were using a wide-field fluorescence 

microscope (Carl Zeiss Axioplan2 Imaging microscope B000707, Carl Zeiss, Gottingen, 

Germany).  

Photoreceptor isolation 

Petri dishes were incubated for 2 hours at 37oC with 2.5ug/cm2 anti WGA directed against 

Wheat germ agglutinin (WGA) lectin (vector laboratories Burlingame California). Anti 

WGA was diluted in 25mM of bicarbonate buffer (pH 8), with 0.9% NaCl and 2 mg/ml 

of BSA. After 3 washes with warm bicarbonate buffer, the dishes were consequently 
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coated with 5 ug/cm2 of WGA lectin (vector laboratories) diluted in bicarbonate buffer 

and incubated for 2 hours at 37oC. After incubation, the petri dishes were washed with 

warm PBS and stored in 0.2% BSA in PBS until used.  

The retinas from 30-day-old SD rats were harvested under dim red light, and the retinas 

were suspended in cold Hybernate A media (Life technologies). Each retina was 

transferred to a tube with 1 ml of HybA and warmed for 8 minutes at 37oC in a water bath. 

The warmed HybA media was aspirated, and the retina was incubated with Papain (0.06 

mg/ml Worthington biochemical, Lakewood, NJ) in HybA for 20 minutes at 37oC in a 

water bath with gentle shaking every 10 minutes. Papain solution was aspirated and 1 ml 

of 2% FBS solution in HybA was added to the retina and incubated for 5 minutes at room 

temperature to stop the enzymatic reaction. FBS solution was aspirated and Neurobasal 

(NBA) media supplemented with 1:50 B27 and 0.5 mM of L-Glutamine was added to the 

tissue. For the dissociation of the retinal cells, the treated retinas were manually pipetted 

(gently 5–6 times) using 1000 μl and 200 μl tips. The retinal suspension containing 

dissociated cells was collected.  

The retinal suspension was placed on lectin-coated petri dishes and incubated for 30 

minutes at 37oC with gentle swirling every 10 minutes. After incubation, non-adherent 

cells were removed by washing them with serum-free NBA media. The attached cells were 

dissociated with pipetting and seeded with 4 X 105 cm2 in NBA media supplemented with 

B27 and Glutamine.  

Semi-quantitative RT-PCR  
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Semi-quantitative RT-PCR was performed with cDNAs prepared from photoreceptors 

isolated from the WT rats. PCR products were detected using 1% agarose gel and UV light 

based imager (Life Technology).                                                                     

MTT assay 

Cell viability was assessed by a 3-(4, 5-dimethylthiazol- 2-yl)-2-5-diphenyl tetrazolium 

bromide (MTT) assay. Then, 1X105 cells per well were seeded into 96-well micro-culture 

plates at 37°C with 5% CO2 and allowed to attach for 24 h. Cells were treated with 

designated doses of Tunicamycin for 48 hr and incubated with MTT at a final 

concentration of 0.5 mg/ ml for 4 h before the completion of the exposure time at 37°C. 

The formation of MTT to formazon crystals by viable cells was assessed using 200 

μL/well of DMSO at room temperature for 15 min. Optical density was measured at 490 

nm using a micro-plate reader model 680 (Bio-Rad, CA, USA). The reduction in viability 

of cells in each well was expressed as the percentage of control cells.  

Statistical analysis  

Two-way ANOVA comparisons were used to calculate the statistical significance of 

differences in fold-change of mRNA expression and levels of pIP3R protein in rats. A 

one-way ANOVA test was used to calculate the statistical significance of differences in 

levels of normalized proteins in P21 ADRP retinas and Ca2+ detection in ADRP 

photoreceptors. For comparisons of protein levels and Ca2+ detection in Tn-injected and 

controlled retinas we used the Student’s t-test. To calculate the statistical significance of 

differences in the a- and b-wave ERG amplitudes, a two-way ANOVA was applied. For 
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all experiments, a P-value lower than 0.05 was considered to be significant (*P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001).    
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Results 

 

Transgenic S334ter and P23H RHO rats experience a cytosolic Ca2+ increase in 

their photoreceptors. 

Previous studies from our lab have shown that the S334ter and P23H Rho rats have retinal 

degeneration associated with persistently activated UPR and disrupted mitochondrial 

function resulting in calpain activation and the release of cytochrome C and AIF from 

mitochondria.(1, 2). However, it has been demonstrated that activation of the calpain 

system requires intracellular Ca2+ concentrations of at least tens of μM (19) while the 

intracellular Ca2+ concentrations in dark adapted photoreceptors range only from 300-

500 nM (20). However, direct evidence of Ca2+ overload in photoreceptor cells has not 

yet been provided. Therefore, we started the ex-vivo study detecting free cytosolic Ca2+ 

in the photoreceptors of S334ter and P23H RHO rats.  

 However, before detection of the Ca2+ load in ADRP retinas with ongoing UPR, we 

validated the methods for Ca2+ measurement and provided proof of principle that the 

activated UPR causes cytosolplasmic Ca2+ overload. Initially, we performed subretinal 

injections of P30 SD rats with tunicamycin (Tn) in one eye and vehicle in contralateral 

eye and detected the level of cytoplasmic Ca2+ in the photoreceptors. Fig. 1 and Table S2 

present the results of the study evidencing that the activated UPR provokes Ca2+ overload 

in the cytosol of photoreceptors.  

Next, we measured the cytosolic Ca2+ level in the photoreceptors of both S334ter and 

P23H RHO retinas and demonstrated that both ADRP retinas shows elevated cytoplasmic 
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Ca2+ level compare to SD at P30 (Fig1). Therefore, after registering a free cytosolic Ca2+ 

increase, we decided to dissect the sources of such overload and performed experiments 

in which we tested the expression of Ca2+signaling proteins specific for different 

compartments of photoreceptor cells 

 

 

 

Figure 1. The Ca2+ cytosolic increase is detected in SD rat retinas injected with 

tunicamycin and in ADRP S334ter and P23H RHO rat retinas (N=4). A. A measurement 

of the fluorescent intensity in viable photoreceptors of SD retinas injected with Tn. 

Means of 45.78 ± 3.801 (N=5) and 66.79 ± 3.967 (N=5) were found by using the image 

J program and t-test.  B. A measurement of the fluorescent intensity in viable 

photoreceptors of S334ter and P23H RHO rats (N=4). Means of 2.13 ± 0.032 and 1.99 ± 

0.113 (P< 0.001 for both) were found by one-way Anova in S334ter and P23H Rho 

retinas, respectively, compared to SD retinas (1.16 ± 0.138). Data are shown as means ± 

SEM.  B. Images of SD photoreceptors treated with Tn and vehicle (two upper panels) 

and naïve SD, S334ter and P23H RHO photoreceptors up-taking the Flou 4 AM dye. The 

isolated retinas were incubated in a mixture of the Flou4AM detecting free cytosolic Ca2+ 

and the calcein AM detecting viable photoreceptor cells.   
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Increased free cytosolic Ca2+ is linked to the over-expression of ER-membrane Ca2+-

channels and cytosolic Ca2+signaling proteins. The diffuse accumulation of the cGMP 

and S334ter and P23H RHO rats has been previously shown in the ONL of the retina, 

suggesting a Ca2+ increase in S334ter and P23H RHO photoreceptors (14). The VGCC 

expression is known to reflect the modulation in Ca2+ concentration (23) so we tested the 

level of VGCC protein expression by western blot analysis and found no difference 

between control and experimental groups. These data suggested that the Ca2+ increase 

registered in transgenic photoreceptors is not generated by VGCC malfunctioning. 

Keeping that in mind, we then tested whether the source of the Ca2+ elevations was from 

intracellular compartments by measuring the expression levels of the cytosolic Ca2+ 

signaling proteins calpastatin and calcineurin, the ER resident calreticulin,   and the 

mitochondrial VDAC protein.   

The expression of cytosolic calpastatin (CAST), a Ca2+-dependent cysteine protease 

inhibitor of calpains, was up-regulated in the retinas of both transgenic models. Both 

mRNA and protein levels were increased at P21 (Fig. 2A and B, Table S3 and S4). 

However, the highest upregulation in Cast mRNA and protein levels were found in P23H 

Rho retinas. Interestingly, the CAST overexpression in this experiment tightly correlated 

with previously detected calpain activity in these animals at P21 and P30 (1, 2), confirming 

calpain-mediated signaling in these retinas. In addition, cytosolic calcineurin (CN), a Ca2+- 

and calmodulin-dependent serine-threonine phosphatase was also upregulated in the 

retinas of both transgenic models at P30 (Fig. 2C and Table S3 and S4). Increases in 



109 

 

calcium dependent calpastatin and calcineurin protein expression in ADRP retinas further 

serve as an additional evidence of cytoplasmic calcium overload.  

Next, we analyzed the expression of the mitochondrial VDAC, a multifunctional protein 

know to participate in ER-mitochondria cross-talk, the transport of ROS, ATP, Ca2+, 

metabolites, and apoptosis(24) and found that VDAC mRNA was significantly higher in 

both transgenic retinas at P21 and P30 (Fig. 2D and Table S3). The elevation of VDAC 

expression was then confirmed by immunohistochemical analysis of retinal cryostat 

sections treated with anti-VDAC antibody at P30 (Fig 2E). This analysis demonstrated an 

increase in the VDAC protein in both S334ter and P23H RHO inner segments of 

photoreceptors pointing out the perturbance in mitochondrial homeostasis these data 

support our previous finding of mitochondria-mediated apoptotic photoreceptor cell death 

in these animals.   

The ER resident Ca2+ binding protein calreticulin (CRN) is known to be sensitive to 

changes in the concentration of Ca2+ in the ER lumen. For example, it has been 

demonstrated that its promoter encompassing 115-260 and 685-1736 regions and 

containing the CCAAT nucleotide motif is believed to be activated in response to Ca2+ 

depletion by increasing mRNA levels (25). Therefore, knowing about a persistently 

activated UPR, we were not surprised to learn that the Crn mRNA was dramatically (over 

2-fold) elevated in both transgenic retinas at P21 and (over 4-fold) in S334ter retinas at P40 

(Fig. 2F and Table S3). Interestingly, the CRN protein level was not elevated in these 

retinas.   

To verify the ER’s involvement in the elevation of free cytosolic Ca2+ (Fig.1), we analyzed 

the expression of ER resident Ca2+ sensing receptor proteins: phosphorylated (p) inositol 
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triphosphate receptor IP3R, SERCA2b and Bax inhibitor-1 (BI-1) (Fig. 3 and Tables S3 

and S4). Ip3r mRNA and pIP3R protein was upregulated at both animal models, suggesting 

changes in the IP3 channel activity on the ER membrane (Fig. 3B). These changes tightly 

correlated with the observed elevation of BI-1 (Bax inhibitor-1) mRNA and protein (Fig. 

3C and D). In general, BI-1 is known to be an IP3R-interacting protein, enhancing IP3R 

activity and resulting in lower steady-state Ca2+ within the ER (26). Consequently, cells 

over-expressing BI-1 are known to have a reduced luminal concentration of Ca2+ in the ER 

(27). In the retina, the link between BI-1 and the IP3 has not been demonstrated so far. 

Therefore, we performed a binding assay, immunoprecipitating IP3R in rat retinal protein 

extracts and running Western blot analysis for BI-1 (Fig. S1).  Our data indicated that BI-

1 is a binding partner of IP3R that could upregulate IP3R activity in the retina.   

Another ER transmembrane protein, SERCA2b, transfers Ca2+ from the cytosol of the cell 

to the lumen of the ER using energy from ATP hydrolysis. Interestingly Serca2b mRNA 

was elevated in both transgenic retinas at P21 (Fig. 3E), while the SERCA2b protein was 

observed to diminish (Fig. 3E). Therefore, the abovementioned upregulation of pIP3R and 

BI-1 and the reduction of the SERCA2b in the ADRP rat models suggests Ca2+ 

dysregulation in the ER and the Ca2+ efflux to the cytosol in photoreceptors (Fig. 1).   

We next wanted to verify whether induction of the UPR resulted in the modifications of 

the expression of ER Ca2+ channel proteins and the cytosolic Ca2+ sensing proteins similar 

to that shown for ADRP retinas.   
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Figure 2 The expression of Ca2+sensing genes and proteins in ADRP retinas measured 

by qRTPCR (N=4) and western blot (N=4) analyses. A. Analyzing data by two-way 

anova, calpastatin mRNA expression was found to be upregulated in ADRP retinas at 

P21 as compared to SD (P<0.0001). The same trend was observed at P40 (P<0.0001). B. 

Calpastatin protein expression was elevated in ADRP retinas at P21 vs. SD retinas (P < 

0.05 and P < 0.01, respectively). C. At P30, both ADRP retinas demonstrated increases 

in calcineurin (P < 0.05 and P < 0.0001, respectively) compared to controls. D. The Vdac 

mRNA expression was found to be upregulated in both ADRP retinas at P21 (P < 0.0001 

for both strains). At P40, only P23H Rho retinas demonstrated changes in Vdac mRNA 

expression as compared to control (P < 0.01). E. Immunohistochemical analysis of 

ADRP cryostat retinas stained against VDAC protein at P30 revealed an increase in the 

VDAC expression in the inner segments of photoreceptors. F. Dramatic upregulation in 

calreticulin expression was found in P21-P60 ADRP retinas (P < 0.0001). Data are shown 

as means ± SEM. Images of Western blots treated with a correspondent antibody are 

shown above the graphs for the calculation of individual proteins. 
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Figure 3. The expression of ER membrane Ca2+ channels in ADRP retinas detected by 

qRT-PCR and western blot analyses (N=4). A. Fold changes in Ipr3r mRNA expression 

in ADRP retinas were observed from P21 to P40 and analyzed by two-way ANOVA. B. 

The pIP3R protein expression in ADRP retinas at P21 and P30. C. The Bi-1 mRNA 

expression in ADRP retinas from P13 to P60 is shown. D. The expression of the BI-1 

protein in P21 ADRP retinas. The SS34ter retinas demonstrated a dramatic 56.66-fold 

over-production of the BI-1 protein compared to P23H Rho retinas, which had a 10-fold 

increase in BI-1 protein compared to SD (P < 0.0001 and P < 0.01, respectively). E and 

F. Interestingly, the SERCA2b gene and protein expression reflected an opposite pattern 

of changes. While at P21, the Serca2b mRNAs were up-regulated (P < 0.0001 for both 

strains) (E), the SERCA2b protein level was lower in both ADRP rat retinas (F). Data are 

shown as means ± SEM. Images of Western blots treated with a correspondent antibody 

are shown above the graphs for the calculation of individual proteins. 
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UPR activation in WT retinas and photoreceptors induces Ca2+ sensing protein 

expression, resulting in photoreceptor cell death. We isolated photoreceptors from SD 

retinas and cultured them to study the impact of the treatment with tunicamycin (Tn) on 

photoreceptor cell death (Fig. 4). First, we confirmed that the cultured retinal cells were 

not contaminated by other retinal cell types by detecting specific cell markers such as 

RPE65 (RPE), GNAT2 (cones), Green opsin (cones), Thy1 (ganglion cells) and rhodopsin 

by semi-quantitative PCR (Fig.4A). Then we tested different concentrations of 

tunicamycin (Tn) to identify the concentration necessary to induce the UPR in cultured rat 

photoreceptors and affect cell viability. Previously, we have used Tn and demonstrated 

that a persistently activated UPR is capable of inducing retinal degeneration (4). Using 

MTT assay, we measured the intensity of viable photoreceptor cells to identify a 

correlation between Tn dose and the number of surviving photoreceptors after 48 hr (Fig. 

4B). Furthermore we confirmed that 2ug/ml Tn induces photoreceptor cell death within 

18 hours which occurs through the upregulation of calpain activity. These results indicated 

that the ER homeostasis in cultured photoreceptors was compromised, leading to calpain-

associated photoreceptor cell death (Fig. 4C).   

Subretinal injection with 0.02 μg/eye of Tn in WT retinas also resulted in calpain over-

expression measured 4 days after the injection. In addition to calpain, we observed an 

increase in the pIP3R and the BI-1 proteins (Fig. 4D, E, and F).  More surprising, SERCA 

2b protein was significantly upregulated (over 8.25-fold) in Tn-treated retinas compared 

to ADRP retinas, suggesting that at this stage of the UPR, the retinal cells are attempting 

to recover the balance between Ca2+ efflux  and influx. In addition, consistent with ADRP 

retinas, we also observed the upregulation of CN by 1.5-fold in Tn-treated retinas. 
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Together, these results mimic the situation with a persistently activated UPR in ADRP 

retinas and provide proof of  principle that ER stress in the retina modulates expression of 

ER membrane Ca2+-regulated proteins resulting in Ca2+-induced calpain activation and 

Ca2+-facilitated photoreceptor cell death. Therefore, we examined whether ER Ca2+ 

depletion and elevated cytoplasmic Ca2+ could reduce retinal function and promote retinal 

degeneration similar to that observed in ADRP retinas.   

Increased cytosolic Ca2+ promotes the loss of photoreceptor function in the WT 

retinas.   

Our data with Tn (Fig. 1) showed that injection with Tn results in increase in the cytosolic 

Ca2+ in photoreceptors. Previously, this treatment has been found to induce photoreceptor 

cell death in the mouse retina (4). In the current study we performed a single subretinal 

injection with mix of A23187 and thapsigargin (Tg), targeting the SERCA2b activity to 

create a new experimental rat model of retinal degeneration directly associated with 

increased cytosolic Ca2+ content. A23187, a divalent cation ionophore, is widely used in 

laboratories to increase intracellular Ca2+ in intact cells. The dose of A23187 (0.05μg per 

eye) was chosen based on a previously published in vitro study (28). Tg is a non-

competitive inhibitor of the SERCA Ca2+ ATPase. Therefore, injecting the SD rat retinas 

with these drugs would be expected to result in increased cytosolic Ca2+. Retinas were 

analyzed 2, 4, and 6 weeks after injection by ERG and protein analyses were performed 

to validate the effect of increased cytosolic Ca2+ on photoreceptor function and cellular 

signaling. All retinal cell types in this model would also be expected to have increased 

cytosolic Ca2+. However, by registering the photoreceptor-originated scotopic a-wave 

ERG amplitudes we measured the direct effects of increased cytosolic Ca2+ specifically in 
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rod photoreceptors. Experimental data from Tg and A23187 injected retinas as compared 

to control retinas are presented in Fig.5A. These data demonstrated that injections led to 

a sustained decline in the scotopic ERG a- wave amplitudes at 2 and 6 weeks after drug 

administration (50% and 49%, respectively). This finding suggested that increase in 

intracellular Ca2+ results in retinal functional  
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Figure 4. The tunicamycin treatment of primary photoreceptor cultures and the subretinal 

injection of tunicamycin in SD rats result in cell death by the activation of calpain-induced 

Ca2+-signaling. A, B, and C. Primary photoreceptor cultured cells were confirmed to 

express rod photoreceptor markers such as rhodopsin (lines 1 and 2) and to lack cone and 

ganglia cell markers such as GNAT2 and Thy1 compared to whole retinal cell lysate (line 

3) and negative controls (line 4) (A). B. Different concentrations of Tn were used to verify 

a dose of Tn at which a rod cell viability would be compromised measured by MTT assay 

(N=6). The read absorbance correlated with viable cells.  C. The dose of 2 μg/ml Tn was 

used to test whether calpain activation occurred in Tn-treated rod photoreceptor cells 
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(N=3). Increase in calpain activity was found 18 hours after treatment with Tn (P < 0.01). 

D, E, F, G, H and I (N=4). The dose of 0.02 μg of Tn per eye was used to inject SD retinas 

and then rat retinas were analyzed 4 days after injection (P < 0.05 for all analyzed proteins 

compared to PBS injection). D. The Tn injection resulted in the elevation of the calpain 

level. E. Additionally, an increase in the IP3R protein level was associated with Tn 

injection vs PBS-injected retinas. F. This increase was in agreement with the elevated BI-

1 protein and was opposite to the result of concomitant elevation of SERCA2b compared 

to PBS-treated retinas (G). H. Interestingly, the calcineurin protein level was also 

significantly increased in Tn-injected retinas. I. Images of Western blots treated with 

correspondent antibodies are shown. Data are shown as means ± SEM. Images of Western 

blots treated with a correspondent antibody are shown above the graphs for the calculation 

of individual proteins.  

 

loss. The B-wave amplitude also declined in this model by 39% and 47% at 2 and 6 weeks, 

respectively.    

To verify whether the decline in photoreceptor function was associated with photoreceptor 

cell loss, we further performed a histological analysis in which we stained retinal sections 

with H&E (Fig. 5B and C). The number of photoreceptor nuclei in drug-treated retinas 

was 36% lower than in vehicle treated retinas (P<0.05), suggesting that injections with 

A23187 and Tg resulted in Ca2+-induced retinal degeneration in the experimental rat 

model.   

To characterize the experimental rat model of retinal degeneration, we harvested injected 

(A23187 + Tg) retinas 36 hr. postinjection and attempted to highlight the cellular signaling 

involved in photoreceptor cell loss (Fig. 5D, E, F, and G).  We found that injection with 

drugs resulted in a 43% up-regulation of calpain activity and 2.85-fold increase in 

calcineurin expression at 36 hours postinjection. Further we tested downstream calpain-

activated target CDK5 and found that the CDK5 level was significantly higher in 

A23187+Tg– injected retinas than vehicle-injected retinas, pointing out the potential 

phosphorylation of the MEKK1 and activation of the JNK apoptotic pathway(29). To 
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validate this hypothesis, we tested the pJNK level and demonstrated that pJNK protein 

expression was 77% higher in drug-injected retinas. Altogether, these data indicate that 

the apoptotic pathway was elevated in treated retinas. Therefore, we then verified caspase-

3/7 activity and found almost a 9-fold elevation of the caspase-3/7 activity in retinal extract 

treated with drugs. Our data demonstrated that subretinal injection with a drug mixture 

(A23187+Tg) in rats results in Ca2+-induced retinal degeneration via upregulation of 

calpain-mediated cell death 
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Figure 5. Subretinal injection of the combined A23178 and Tg drugs promotes retinal 

degeneration via Ca2+-mediated calpain activation. A: Scotopic ERG analysis was shown 

at 10 dB (25 cd*s/m2). Analyzing by two-way anova, reduction of the a-wave amplitudes 

was observed at 2, 4 and 6 weeks postinjection, compared to vehicle-treated retinas (P < 

0.01, P < 0.001, and P < 0.01, respectively) (N=4). The b-wave was also diminished 

compared to control-injected retinas (P < 0.01 for all time points) (N=4). Bottom: Images 

of the scotopic ERG amplitudes registered at 10 dB in two groups of animals are shown. 

B. Subretinal injection of the combined A23187+Tg results in photoreceptor cell loss 

(N=4). C. Images of H&E stained retinal cryosections injected with drugs and vehicle. 

D-H. Protein expression and activity assay performed 36 hr posttreatment (for all P<0.05) 

(N=4). I. Images of Western blots treated with correspondent antibodies are shown. B-

actin served as a loading control. Data are shown as mean ± S.E.M.  
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Discussion 

 

The presence of a Ca2+ overload in the nerve fiber layer (NFL) and the inner nuclear layer 

(INL) in P23H RHO rat retinas (line 1) has been reported recently (30). However, indirect 

indications of increased intracellular Ca2+ in degenerating S334ter and P23H RHO 

photoreceptors have been provided only by the therapeutic modulation of Ca2+ blockers 

or inhibitors in their retinas (21, 22). Our study is the first molecular genetic evidence 

demonstrating that in the retina of rat models of ADRP, ER Ca2+ depletion contributes to 

the mechanism of retinal degeneration. In our study, we first demonstrated an increase in 

intracellular Ca2+ during the ADRP progression in photoreceptors and linked this 

increase to a persistently activated UPR-induced ER Ca2+ depletion. Thus, we found that 

the modified expression of ER membrane Ca2+ channels and resident buffering proteins 

is associated with increased cytoplasmic Ca2+ and an elevation of mitochondrial VDAC, 

regulating the Ca2+ flow from the ER to mitochondria in ADRP photoreceptors. These 

events are in agreement with a previously reported cytochrome C and AIF1 release from 

the mitochondria in S334ter and P23H RHO retinas (1, 2, 31).  

 

Both the S334ter and P23H RHO rats demonstrate the activation of the UPR at P21 and 

P30 (2, 30). Interestingly, although the rate of retinal degeneration in these two ADRP 

models differs, the level of the cytosolic Ca2+ increase in the P30 photoreceptors is 

similar. This suggests that the source of elevated intracellular Ca2+ in photoreceptors 

could be a result of malfunctioning ER in which modified expressions of the Ca2+ sensing 
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genes and proteins (pIP3R, BI-1, calreticullin) result in extensive Ca2+ outflow from ER 

lumen. It is worth mentioning here that if for the pIP3R and BI-1 both the mRNA and 

the protein level were upregulated, the calreticulin protein was not altered as compared 

to elevated Crn mRNA. Perhaps, discrepancy in a gene and protein expression in both 

groups can be easily explained by the recently reported correlation between the CRN 

over-production and the Ca2+ over-load within the ER. Thus, Michalak et al. has found 

that 50% of all Ca2+ stored in the ER binds to CRN, and therefore, CRN protein over-

production indicates an elevation in the ER luminal Ca2+(36). Moreover, Waser et al. 

have demonstrated that over-expression of Crn mRNA is a sign of ER Ca2+ depletion 

(25). Therefore, up-regulation of Crn mRNA expression and unaltered protein production 

indicate ER Ca2+ reduction in both ADRP retinas.  

Concomitantly with activated UPR and upregulated calpain activity have been previously 

shown (1, 2, 31), in this study, we observed the upregulation of calpastatin and 

calcineurin levels. In general, CN is known to regulate the activity of AKT through 

dephosphorylation in degenerating retinas (23). Therefore, we were not surprised to 

observe a dramatic increase in the CN protein in P30 P23H Rho retinas that are known 

to experience an essential decrease in phosphorylated AKT and consequent up-regulation 

of mTOR signaling (1). All these data highlight a cellular defense mechanism activated 

in photoreceptors from P21 to P40 that is trying to cope with a launched mechanism of 

photoreceptor degeneration. However, the strength of such signaling seems to be 

insufficient to block Ca2+-induced calpain activation and, consequently, intracellular 

Ca2+ affects the mitochondrial homeostasis in these animals. As proof of this hypothesis, 
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the observed VDAC elevation indicates a disrupted molecule flux across the outer 

mitochondrial membrane and suggests cross talk between these two organelles.   

Next, we were interested in testing whether sustained UPR activation is capable of 

triggering photoreceptor cell death via Ca2+-induced signaling. We have previously tested 

Tn in vivo and have demonstrated the activation of the UPR induces retinal degeneration 

in mouse retinas (4). In this study, we demonstrated sustained UPR-induced cytotoxicity 

in a primary photoreceptor culture and in vivo and analyzed a signaling responsible for 

cell loss. Both in vitro and in vivo, Tn induces a calpain activation that is associated with 

disrupted ER Ca2+ sensing receptor expression. This implies that UPR-induced 

photoreceptor cell death occurs via Ca2+ efflux from ER lumen and Ca2+-mediated 

calpain signaling. However, in order to obtain direct evidence that the intracellular Ca2+ 

increase induced by persistently activated UPR in photoreceptors as seen in Fig. 1 

promotes retinal degeneration we created an experimental rat model of Ca2+-induced 

retinal degeneration.    

 Subretinal injection of the combined A23187 and Tg drugs triggers Ca2+-induced 

photoreceptor cell death. The rod-derived a-wave amplitude of the scotopic ERG was 

significantly downregulated. In this model, the functional loss of photoreceptors is in 

agreement with a number of dying cells. Therefore, the findings from these experiments 

permit us to conclude that we created an experimental model of retinal degeneration 

triggered by Ca2+-induced cytotoxicity. The experimental model mimics the inherited 

retinal degeneration occurring in rats, not only by the reduction of the scotopic ERG 

amplitudes and photoreceptor cell death, but also by the mechanism responsible for 

apoptotic photoreceptor cell death found in ADRP rat retinas. Perhaps the Ca2+-calpain-
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CDK5-JNK caspase-3/7 signaling activated by the injection of the mixture of A23187 

and Tg is not the only mechanism by which the execution of photoreceptor cell death 

occurs. However, the fact of activated calpain suggests that this signaling also triggers 

apoptotic cell death. It also implies that a future experiment with photoreceptor-specific 

knockout or the overexpression of calpain is necessary to understand the role of calpain-

activation in retinal degeneration. Despite existing limitations, such as the cell specificity 

of responses to drug injection in the retina, the importance of experimental models for 

the field of retinal cell biology can be appreciated by applying genetically modified 

animals with the modified expression of Ca2+ sensing genes involved in 

neurodegeneration.   

Therefore, our study revealed the involvement of Ca2+-activated cellular signaling in 

ADRP progression and indicated that manipulation with ER channels SERCA2b, IP3R, 

calpain, calpastatin, and CDK5 expression during the UPR-induced cytosolic Ca2+ 

increase might be beneficial for patients with retinal degeneration. As UPR and Ca2+ 

driven cell death mechanisms have been observed in several retinal dystrophies (37), the 

proposed therapeutic targets could be tested to treat these retinal degenerations.  
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Conclusion and Discussion 

 

Despite several different genes responsible for Retinitis Pigmentosa phenotype, they all 

eventually drive photoreceptor cell death and blindness. The number of studies, including 

ours, are dedicated towards the elucidation of molecular mechanisms causing 

photoreceptor cell death in autosomal dominant retinitis pigmentosa (ADRP). Although 

there have been significant advancements in the understanding of discrete molecular 

pathways culminating in photoreceptor cell death, a detailed investigation towards 

understanding the sequence, cross-talk and significance of these molecular pathways 

during specific stages of the disease is missing. In this study we have demonstrated that 

interplay of several cellular pathways leads to the demise of the photoreceptors in two 

independent models of ADRP. These findings have revealed several potential therapeutic 

targets, the modulation of which could potentially prevent ADRP progression. 

Furthermore, our studies also hint towards putative genes that could be used as diagnostic 

markers to track the progression of this disease.  

Unfolded protein response in S334ter and P23H RHO retinas 

Recently, many studies have examined the involvement of unfolded protein response 

(UPR) in retinal degeneration [1] [2]. In fact, this molecular alteration is a characteristic of 

the P23H RHO transgenic rats [3]. Another investigation in S334ter RHO transgenic rats 

has demonstrated that S334ter truncated rhodopsin accumulates in the cytoplasm. 

Considering the previous finding, we started our investigation by examining the status of 

UPR and pro-apoptotic gene expression in S334ter- Rho retina at postnatal days (P) 10, 12, 
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15 and 21. We specifically decided to examine earlier time points as the rate of retinal 

degeneration is aggressive during the initial period in S334ter RHO retinas.  

We analyzed the expression pattern of ER resident chaperon responsible for general protein 

folding Bip, calnexin, and Hasp40. The expression of all these genes was dramatically 

altered in S334ter RHO retina, suggesting a high demand for general protein folding in the 

ER of S334ter RHO retinas. We then went on to examine the expression of additional UPR 

markers such as IRE1, PERK, ATF6 and CHOP. Expectedly, these markers were also 

overexpressed at both protein and mRNA levels during ADRP progression. The three UPR 

arms IRE1, PERK and ATF6 indirectly trigger apoptotic signaling through downstream 

effector molecule CHOP. We observed most potent up-regulation of these UPR markers at 

P15 time point, strongly suggesting the activation of UPR in S334ter-RHO rat retinas 

during this stage of disease progression. In a separate study, we have also demonstrated the 

activation of UPR in T17M-RHO mice, which is another transgenic mice model of ADRP 

[4].  

In the light of these findings it is clear that UPR could be a key signaling mechanism which 

drives retinal cell death in the majority of the retinal dystrophies. These studies make UPR 

pathway an interesting candidate for therapeutic targeting. Considering the fact that 

prolonged stress on ER activates UPR, an approach which can reduce ER stress and 

reestablish ER homeostasis could prevent UPR activation. This could be achieved by 

accelerating the activity of ER chaperons BIP, Calnexin, HSP40 to reduce protein folding 

stress within the ER lumen and prevent the activation of UPR. Interestingly, in P23H RHO 

rat, overexpression of BIP has reduced the rate of retinal degeneration [3].  
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UPR could be modulated by targeting three UPR arms IRE, PERK and ATF6 which drive 

apoptotic signaling upon activation. Several classes of chemical compounds which can 

modulate UPR such as IRE alpha inhibitor, ERAD modulator, PERK inhibitors, chaperone 

modulators and chemical chaperones are available with the evidence of impressive 

therapeutic efficacy in several pathogenic conditions [5]. Therapeutic efficacy of these 

chemical UPR modulators has not been tested in retinal dystrophies, and could be an 

attractive avenue for further investigation for treating retinal dystrophies.  

The downstream effector molecule of UPR, CHOP (C/EBP Homologous Protein) plays an 

important role in ER stress induced apoptosis. In fact, the disruption of CHOP gene has 

been suggested to be a protective strategy against ER stress induced cell death in diabetes, 

Alzheimer’s disease and cardiac hypertrophy [6-8]. Despite the significant role of CHOP 

in accelerating apoptosis in several pathogenic conditions, CHOP is necessary for the 

survival of photoreceptors in ADRP retina and its ablation does not protect retinal 

degeneration [9]. Considering the vital role of CHOP in photoreceptor survival, a dose 

dependent modulation of CHOP is necessary for possible therapeutic rescue during retinal 

degeneration. 

Activation of UPR has been demonstrated at P30 in P23H RHO retina [10] and at P15 in 

S334ter RHO retina. Because UPR tightly regulates several signaling pathways such as 

autophagy, inflammation, mitochondria dependent apoptosis and calcium signaling [11] 

[12], we further studied weather UPR activation in S334ter and P23H RHO retina is 

accompanied by the changes in other cellular pathways. 
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Modulation of autophagy pathway 

Autophagy has been suggested to be pro-survival or pro-apoptotic based on specific 

cellular context. [13]. Autophagy plays a significant role in several pathological conditions 

such as cancer, neurodegenerative diseases, and muscle and liver disorders. In S334ter 

RHO retinas we did not notice any change in the mRNA expression of autophagy 

associated proteins (except LAMP 2). However, in case of P23H, a robust upregulation in 

autophagy associated genes ATG5, ATG7, LAMP2 and LC3 was detected during P21- P40 

time points. Surprisingly, the protein expression of these proteins did follow the similar 

dynamics as gene expression in P23H retinas. Rather we found that ATG7 and LAMP2 

proteins were downregulated at P30, despite having elevated mRNA levels at these time 

points. Activation of UPR was observed in P23H RHO at the same time suggesting that 

the regulation of autophagy is driven by alternative mechanisms and not by UPR.  

Downregulation of autophagy- associated proteins drove our study towards the regulators 

of autophagy and mTOR/AKT pathway – well known negative regulator of autophagy 

pathway [14]. In P23H RHO retinas, we found elevated mTOR activity at P30, which 

correlates well with the kinetics of UPR activation. The P30 promises to be the most crucial 

time point for targeting retinal degeneration, since majority of cellular changes occurred at 

this time point. As mentioned before, autophagy is able to promote cell survival and 

consequently, we hypothesized that accelerating autophagy could reduce cellular stress and 

enhance photoreceptor survival. In order to activate autophagy, we modulated mTOR by 

intravitreal and intraperitoneal injection of rapamycin (mTOR inhibitor). Inhibition of 

mTOR in P23H retina resulted in modest reduction in functional decline of photoreceptors. 

However, we did not find any change in the expression of ATG5, ATG7, LC3 and LAMP2. 
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This data suggested that autophagy may be regulated by some other regulators than mTOR. 

Interestingly, only rod photoreceptors responded to this treatment and not cones suggesting 

that biochemical changes associated with mTOR specifically took place in rod 

photoreceptors. For targeting autophagy mechanism in P23H retinas a thorough 

investigation of other regulators of autophagy such as beclin, BCL2 and p53 [14] is 

necessary. 

Role of calcium induced apoptosis in S334ter and P23H RHO retinas 

Calcium- induced photoreceptor cell death is another mechanism regulated by UPR [11, 

15]. Activated UPR can disturb the calcium homeostasis in ER, cytosol and mitochondria 

[11]. Since UPR was found to be active in both ADRP models, we decided to measure a 

cytosolic Ca2+ concentration in photoreceptors of S334ter and P23H RHO retinas. To our 

knowledge this was the first attempt to measure free Ca2+ in the photoreceptor by ex vivo 

retinal imaging. Ex-vivo retinal calcium imaging study demonstrated that in both ADRP 

rat retinas there is almost a two fold increase in free cytosolic calcium as compared to the 

control retinas. The calcium homeostasis in photoreceptors is controlled by several calcium 

channels. These include: cGMP regulated cation channels present on outer segment (OS), 

voltage gated calcium channels (VGCC) present on cell body and synaptic terminal, store 

operated calcium entry (SOCE) located on the cell body and intracellular calcium channels 

present on ER and mitochondria [16, 17]. Due to several possible sources for cytoplasmic 

Ca2+ overload, we extended our study towards understanding the exact source of elevated 

Ca2+ in the photoreceptors of ADRP retina. Through enzyme activity assays and expression 

pattern of Ca2+channels in ADRP retinas, we observed a marked modulation in ER luminal 
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and membrane Ca2+ sensing proteins suggesting that elevated Ca2+ in the cytosol of the 

photoreceptors could be a result of malfunctioning of ER. 

We found a significant upregulation in the IP3R channel activity which releases free 

calcium from ER to cytoplasm during several stages of retinal degeneration in S334ter and 

P23H RHO rat retinas. Interestingly, it has been previously suggested that the IP3R channel 

senses UPR and subsequently alters the calcium signaling to promote neuronal cell death 

in neurodegenerative diseases [18]. In addition to this, it has been shown that IP3R 

deficient cells are resistant to apoptosis [19] and robust inhibition of IP3R is an effective 

strategy for the prevention of the progression of Huntington’s disease and atrial fibration 

[20, 21]. Along with IP3R, we also found a thirty fold overexpression of BI-1 which is 

known to be an ER membrane calcium channel promoting the release of Ca2+ from ER 

lumen to the cytosol and enhancing IP3R activity [22]. Also, cells overexpressing BI-1 are 

known to have reduced ER luminal Ca2+ concentration [23]. 

We have also noticed reduced protein expression of SERCA2b in both ADRP retinas, 

which is present on the ER membrane and transfers free calcium from the cell cytoplasm 

to the ER lumen at expense of ATP [21]. Interestingly, enhanced SERCA activity was 

found to be protective against ER stress in few cell types during pathogenic conditions [24] 

[25] [26]. Also, an approach using the activation of SERCA channel to reduce cytoplasmic 

calcium concentration has been attempted successfully [27] [28]. Together with ER 

membrane calcium channels, we have also studied the expression pattern of ER luminal 

calcium sensor calreticulin. Similar to this, the dramatic upregulation of calreticulin mRNA 

and unchanged protein levels suggest a definite depletion in the ER luminal Ca2+ 

concentration.  
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Overall this study has given substantial evidence of ER calcium depletion in S334ter and 

P23H RHO retinas. Depletion of ER Ca2+ is a pathogenic phenomenon which occurs in 

many diseases [29]. These findings provide a strong rationale for targeting IP3R and 

SERCA2b Ca2+ channels mediated calcium signaling. Inhibiting IP3R activity or 

accelerating SERCA2b activity will most likely reduce the cytoplasmic Ca2+ concentration 

and prevent the activation of calcium induced apoptotic pathway. 

Elevation of cytosolic calcium usually results in the activation of a wide variety of Ca2+ 

sensing enzymes [12]. These enzymes potentiate the apoptotic signaling and recruit the 

mitochondria in apoptotic events. Calpains and calcineurin are the cytoplasmic targets of 

Ca2+ and both are directly connected to apoptotic events. Activated calpains cleave ER 

localized procaspases 12 [30] and activated caspases 12 cleaves procaspases 9 and caspase 

9 activates the executioner caspase 3 [31]. We found elevated calpain and caspase 12 

activity in both the ADRP rat retinas accompanying UPR. We have also demonstrated 

overexpression of calcineurin, a serine threonine phosphatase, which promotes 

translocation of proapoptotic protein Bad to the mitochondria. Calpain activation requires 

very high Ca2+ concentration (usually in tens of µM) [32] whereas Ca2+ concentration in 

photoreceptor ranges from 300- 500 µM [33]. Therefore, the activation of calpains together 

with calcineurin serves as an additional evidence of cytoplasmic calcium overload in 

S334ter and P23H RHO retinas. 

UPR and ER Ca2+ depletion link 

To demonstrate the existence of an active link between the activation of UPR, ER calcium 

depletion, and retinal cell death, we have generated two pharmacologically induced retinal 

degeneration models. In the first induced model, we have performed intravitreal injections 
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in the wild type (WT) rats with tunicamycin (UPR inducer) and demonstrated that activated 

UPR drives ER calcium depletion and calcium induced apoptosis. In the second induced 

model, we injected the WT rats with a combination of calcium ionophore (A23187) and 

thapsigargin (SERCA2b inhibitor) which induces ER calcium depletion driving 

photoreceptor cell death. Through these induced models, we have demonstrated that ER 

calcium depletion and cytoplasmic calcium overload are sufficient to induce retinal cell 

death, which occurs through calcium induced apoptotic pathway. 

Involvement of mitochondria in S334ter and P23H RHO retinal degeneration 

Cytoplasmic Ca2+ overload and BCL2 family proteins together or individually can affect 

the mitochondrial function as a result of UPR activation [12]. In a series of experiments, 

we have shown the modulation in these factors at transcription and translational levels in 

the ADRP retinas. These factors function to open the mitochondrial permeability transition 

pore (MPTP) which results in the release of cytochrome c and apoptosis inducing factor 

(AIF) from mitochondrial membrane to cytosol with further lead to caspase 3 activation. 

We have demonstrated the release of cytochrome c and AIF in the cytosol of S334ter and 

P23H RHO retinas. However, further investigation is necessary to determine the exact 

factor responsible for this event.   

Activated calpains can trigger both mitochondrial-independent and mitochondrial-

dependent apoptosis [34]. We observed elevated calpain activity in both the ADRP models. 

Accelerated calpain activity has also been found in few other retinal dystrophies. These 

events altogether make calpain as an ideal therapeutic candidate to prevent the retinal cell 

death. Since calpains belong to the family of cysteine proteases, it is necessary to develop 

specific pharmacological inhibitor of calpains, which will not target generic cysteine 
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proteases within the cell. However, such pharmacological inhibitors are not available. 

Germline calpain knockout is known to be embryonically lethal. So generating a 

photoreceptor specific calpain knockout will be an ideal strategy to examine the feasibility 

of calpains as a therapeutic target to treat retinal dystrophies.  

 

 

 

 

 

 

Summary of molecular events during the progression of retinal degeneration in 

S334ter RHO and P23H RHO retinas. 
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Significance 

 

While dissecting the cellular changes during the course of retinal degeneration in ADRP 

retinas, we have successfully demonstrated that UPR, autophagy, mitochondria dependent 

and independent apoptosis are actively involved in the progression of disease in S334ter 

and P23H RHO retinas. We have also revealed several potential therapeutic targets which 

include UPR markers (BIP, CHOP, ATF4, and IRE1 alpha), SERCA2b, IP3R, BI-1, 

calpain and calreticulin and further investigation is necessary to test the efficacy of the 

therapy for retinal degeneration with these proteins.  

During the investigation, we have successfully developed a novel method to measure the 

calcium concentration in the photoreceptors of live retina. This method can also be applied 

to measure the calcium concentration from the remaining retinal cell layers or from the 

other tissue samples with different types of cell population.  

Our study has also successfully generated 2 pharmacologically driven retinal degeneration 

models including UPR induced retinal degeneration and calcium driven retinal 

degeneration models. UPR and calcium induced apoptosis are the major contributing 

factors in several neurodegenerative disorders and several retinal dystrophies. Therefore, 

these models could be useful to study the exact molecular and biochemical changes during 

retinal degeneration as well as to test the therapeutic effects of small molecules. 
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APPENDIX  

INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE APPROVAL 
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