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Abstract 29 

Mutations in the RPGR gene are the predominant cause of retinitis pigmentosa (RP). RPGR plays a 30 

critical role as a scaffold protein in the regulation of protein trafficking from the basal body to the 31 

axoneme, where the cargoes are transported to the outer segments (OS) of photoreceptors. This 32 

trafficking process is controlled directly by intraflagellar transport (IFT) complexes and regulated by 33 

the RPGR protein complex, although the precise mechanisms have yet to be defined. We employed an 34 

Rpgr conditional knockout (cko) mouse model to investigate the disease mechanisms during retinal 35 

degeneration and to evaluate the protective effects of tauroursodeoxycholic acid (TUDCA). 36 

Rhodopsin, cone opsins and transducin were mislocalized in Rpgr cko photoreceptors, while 37 

localization of NPHP4 to connecting cilia was absent, suggesting that RPGR is required for ciliary 38 

protein trafficking. Microglia were activated in advance of retinal degeneration in Rpgr cko mouse 39 

retinas. TUDCA treatment suppressed microglial activation and inflammation and prevented 40 

photoreceptor degeneration in Rpgr cko mice. Our data demonstrated that TUDCA has therapeutic 41 

potential for RPGR-associated RP patients.    42 

KEYWORDS retinitis pigmentosa, RPGR, microglia activation, tauroursodeoxycholic acid, 43 

neuroprotection 44 
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1 INTRODUCTION 57 

Retinitis pigmentosa (RP) is a class of inherited retinal disorder that causes progressive visual 58 

impairment and which can lead ultimately to blindness. The worldwide prevalence of RP is about 1 in 59 

4,000, meaning there are more than 1 million people currently living with RP (Hartong et al., 2006). 60 

The disorder is characterised by pigmentation in retinal cells that is caused by deposition of materials 61 

from retinal pigment epithelium (RPE) cells and degeneration of photoreceptors. In most RP cases, 62 

patients lose their peripheral vision and night vision, a process often beginning in adolescence and 63 

caused by the death of rod photoreceptors. The subsequent degeneration of cone photoreceptor in later 64 

stages results in loss of central vision and colour perception. Some patients, on the other hand, exhibit 65 

cone-rod dystrophy, which involves an initial loss of cone photoreceptors followed by degeneration of 66 

rods (Hamel, 2007).  67 

      Mutations in the retinitis pigmentosa GTPase regulator (RPGR) genes are the major single cause 68 

of RP, accounting for up to 20% of cases in Caucasians (Shu et al., 2007). The RPGR gene has more 69 

than 10 alternative transcripts, of which RPGR
ex1-19 

and RPGR
ORF15

 are well-studied major transcripts 70 

(Shu et al., 2005; Vervoort et al., 2000).  The RPGR
ex1-19 

transcript has been shown to be widely 71 

expressed in all examined tissues in different species, including human, mouse, Xenopus and 72 

zebrafish, whereas the RPGR
ORF15

 transcript is predominantly expressed in the retina and contains a 73 

mutation hot spot in the C-terminal exon, called ORF15 (Shu et al., 2006; Raghupathy et al., 2015). 74 

The RPGR
ex1-19 

isoform is conserved in both vertebrates and invertebrates, whereas, the RPGR
ORF15

 75 

isoform is unique to vertebrates (Raghupathy et al., 2015). RPGR forms a complex with other proteins 76 

such as RPGR-interacting protein 1 (RPGRIP1) and RPGRIP1-like protein (RPGRIP1L) in the 77 

connecting cilium to regulate transport of cargoes such as rhodopsin (Patnaik et al., 2015). Knockout 78 

(ko) of Rpgr in mice caused a reduced level of rhodopsin, partially mislocalized blue and green cone 79 

opsins, and notable abnormality of newly formed disk membranes at the base of photoreceptors (Hong 80 

et al., 2000). Interestingly, significantly increased rhodopsin was mistrafficked in the ventral retina 81 

compared to the dorsal retina; however, there was more mistrafficked green opsin in the dorsal retina 82 

than in the ventral retina (Charng et al., 2016). Partial mislocalization of rhodopsin and opsin has also 83 

been reported in the retinas of XLPRA2 dogs, which carry a two-nucleotide deletion in the RPGR 84 
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exon ORF15 and which exhibited early-onset retinal degeneration (Beltran et al., 2006). Rpgr ko mice 85 

were found to exhibit moderate degeneration with approximately 25% loss of outer nuclear layer 86 

(ONL) at 6 months of age (Hong et al., 2000). Rpgr conditional knockout (cko) mice also showed 87 

progressive photoreceptor degeneration with 65% loss of ONL at ~13 months of age (Huang et al., 88 

2012).  89 

In this study, we investigated photoreceptor death mechanisms and evaluated the neuroprotective 90 

effects of tauroursodeoxycholic acid (TUDCA) in Rpgr cko mice. We found that cko mouse retinas 91 

had significant increases in cell death and inflammation when compared to wildtype mouse retinas. 92 

TUDCA treatment resulted in decreased photoreceptor death and inhibited inflammation in Rpgr cko 93 

mouse retinas.   94 

2 MATERIALS AND METHODS 95 

2.1 Animals and TUDCA administration 96 

Rpgr cko mouse (Huang et al., 2012) were gifted from Professor Wright’s lab at MRC Human 97 

Genetics Unit, Edinburgh, and bred in the Animal Unit at Glasgow Caledonian University under a 98 

14:10 hour light-dark cycle. Genotyping of Rpgr cko mice was performed by PCR and sequencing. 99 

Both wildtype siblings and Rpgr cko mice (male and female) were used for this study. Previous 100 

studies have shown that injection of TUDCA at dose 500mg/kg is effective in preventing retinal 101 

degeneration in RP mouse models (Drack et al., 2012); consequently, this dose was chosen for our 102 

study. Six Rpgr cko mice were injected weekly with TUDCA in 0.15M NaHCO3 at 500mg/kg dose 103 

intraperitoneally from postnatal days (P) 30 to P120 (n=6). Untreated control mice received the same 104 

volume of 0.15M NaHCO3 (n=6). The body weight of mice in each group was measured prior to 105 

injection each week. There was no significant difference in body weight growth between untreated 106 

and TUDCA-treated group (data not shown). The animal experiment was approved by the Animal 107 

Ethics and Welfare Committee, Department of Life Sciences, Glasgow Caledonian University in 108 

accordance with the UK home office animal care guidelines (Project licence P8C815DC9).  109 

2.2 Histology and immunohistochemistry 110 

Enucleated eyes were marked with marker pen to distinguish superior and inferior side and were 111 

fixed in 2% PFA/PBS at 4˚C for 18-24 hours. The fixed whole eyes then went through 10%, 30%, 112 
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50%, 70%, 90%, 100%×3 ethanol each for 1h, followed by two changes of Histo-Clear (Sigma, 113 

USA) and three changes of paraffin in 60°C oven. Next, eyes were embedded in paraffin and 114 

completely sectioned at 8µm thickness through the vertical meridian. The paraffin sections (within 115 

the optic nerve head region) were gradually rehydrated by undergoing two changes of Histo-Clear, 116 

two changes of 100% ethanol (5min/each), 90% ethanol for 2min, 70% ethanol for 2min, 50% 117 

ethanol for 2min and distilled water for 2min before staining with hematoxylin (Sigma, USA) for 8 118 

min. Slides were then washed in running tap water for 20 min and dehydrated by going through 119 

50% ethanol for 2min and 70% ethanol for 2 min, then counterstained with eosin (Sigma, USA) for 120 

1min, followed by further dehydration with 90% ethanol for 1min, two changes of 100% ethanol 121 

(5min/each) and two changes of Histo-Clear (5min/each). Slides were examined and photographed 122 

under a light microscope (Olympus, Japan). For measurement of the outer nuclear layer (ONL), two 123 

retinal sections of each eye were selected and images were taken from superior and inferior sides of 124 

the optic nerve head (ONH); ONL thickness was measured at intervals of 0.2mm. Five eyes from five 125 

individual mice from each group were used for ONL measurement.  126 

      Fixed eye samples were processed through a series of sucrose concentrations (5%, 15% and 127 

20%) for 4 hours each step, followed by embedding in OCT (optimal cutting 128 

temperature) compound and subsequent freezing. Eyes were completely sectioned at 10µm 129 

thickness through the vertical meridian. The sections were rehydrated with wash buffer 130 

(1×TBS/0.025% Triton X-100) twice (5min/each). The sections were then incubated with blocking 131 

buffer (1×TBS/0.3% Triton X-100/5% sheep serum) for 1 hour at room temperature and incubated 132 

with primary antibodies (Table S1) in blocking buffer overnight at 4˚C. Sections were washed 3 133 

times (5min/each) and incubated with FITC-conjugated AF488 or AF594 secondary antibody 134 

(1:400 dilution) (Thermo Fisher Scientific, UK) for 1 hour at room temperature. Tissue sections 135 

were counterstained with DAPI (Thermo Fisher Scientific, UK) after washing 5 times (5min/each) 136 

with wash buffer. Fluorescence images were captured on a ZEISS LSM800 microscope (Zeiss, 137 

Germany). To measure the intensity of the fluorescence signal, two retinal sections of each eye were 138 

collected: one region (10µm×10µm, under 400x magnification) in the superior side (0.4mm from the 139 

ONH) and one region (10µm×10µm, under 400x magnification) in the inferior side (0.4mm from 140 
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ONH) in each section were chosen for fluorescent signal quantification. The intensities of fluorescent 141 

signals from the superior region and from the inferior region were averaged for final calculation.  Five 142 

eyes from each group were used for the quantification.  143 

2.3 Quantitative real-time polymerase chain reaction (qRT-PCR) 144 

qRT-PCR was performed with PCR-Platinum® SYBR® Green qPCR SuperMix- UDG kit 145 

(Invitrogen). Briefly, the reactions were set up in a 96-well plate as follows: each 15µl reaction 146 

contained 7.5µl platinum SYBR green qPCR SuperMix-UDG with ROX, 0.4µl 10µM of forward and 147 

reverse primers, 3µl diluted cDNA sample (50ng/µl) and 5.7µl of nuclease-free water. The no 148 

template controls (NTC), which contained all the components except for the cDNA template, were 149 

also set up and topped up to 15µl with nuclease-free water. DNA amplification and fluorescence 150 

detection were performed according to previous description (Tohari et al., 2016). Sequences of 151 

primers used for qRT-PCR are Caspase 3 forward  5’ TGGTGATGAAGGGGTCATTTATG 3’and 152 

reverse 5’ TTCGGCTTTCCAGTCAGACTC 3’; IL-β forward 5’ 153 

GGAGAACCAAGCAACGACAAAATA 3’ and reverse 5’ TGGGGAACTCTGCAGACTCAAAC 154 

3’; Gapdh forward 5’ GTCTCCTGCGACTTCAGC 3’ and reverse 5’ 155 

TCATTGTCATACCAGGAAATGAGC 3’. 156 

2.4 Western blotting 157 

The retinas were lysed and proteins were extracted using T-PER™ Tissue Protein Extraction 158 

Reagent (Thermo Fihser Scientific, UK), and the concentration of protein lysis was measured by 159 

protein assay (Biorad, USA). Lysis were incubated with 4×loading buffer (Thermo Fisher 160 

Scientific, UK) at 70°C for 10 min before loading. Proteins were separated with precast gel 161 

(BioRad, UK) and transferred to the nitrocellulose membrane (GE Healthcare, UK). The membrane 162 

was blocked in 5% milk for 1h and incubated with primary antibodies at 4°C for about 18 hours. 163 

The IRDye secondary antibody (Li-cor, USA) was used for detection of targeting protein.  164 

2.5 TUNEL assay 165 

The mouse eyes were fixed and cut as described above. The cryosections (8µm) of mouse eyes were 166 

used to perform a TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labelling) assay 167 

to detect apoptotic cells by the DeadEnd™ Fluorometric TUNEL System ( Promega, UK) 168 
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according to the manufacturer’s instruction. Samples were washed with 1×PBS for 5 min before 169 

being fixed by 4% PFA/PBS and permeabilized with 20μg/ml Proteinase K solution. Samples were 170 

then treated with rTdT Incubation Buffer for 1 hour at 37˚C and the reaction was stopped by 171 

2×SSC. Slides were mounted with DAPI stain and the fluorescence was photographed by ZEISS 172 

LSM 800. 173 

2.6 Statistical analysis 174 

All data are presented as mean ± SD. Data were analysed and compared between two groups at 175 

different time-points by a non-parametric t-test following by Wilcoxon matched-pairs signed rank test 176 

with GraphPad Prism software. Data from TUDCA treatment were analysed using one-way ANOVA 177 

followed by Bonferroni test. Differences were regarded as statistically significant if  p < 0.05 and are 178 

denoted by asterisks * (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 179 

3 RESULTS 180 

3.1 Abnormal ciliary trafficking in Rpgr cko mouse retinas 181 

Using Sanger sequencing we found that a total of 3189 bp was deleted in the Rpgr cko mice, 182 

including proximal promoter, exons 1-3, and resulted in absence of RPGR expression and localization 183 

to connecting cilia of cko mouse photoreceptors (data not shown). To investigate the ciliary 184 

trafficking of phototransduction components in the  Rpgr cko retina, immunohistochemistry of eye 185 

cryosections from one month-old mice was performed with anti-opsins, anti-transducin and anti-186 

GRK1 antibodies. Rhodopsin was localised to outer segments of WT photoreceptors; in Rpgr cko 187 

mouse photoreceptor the rhodopsin was partially mislocalized to the connecting cilium. Similarly, 188 

red/green opsin and blue opsin were mistrafficked and accumulated in the connecting cilium, the peri-189 

nuclear space and the outer plexiform layer (Figure 1). However, there was no difference in GRK1 190 

localization in WT and Rpgr cko photoreceptors (data not shown).  191 

      NPHP4 is a component of RPGR protein complex by direct interaction with RPGRIP1 (Patnaik et 192 

al., 2015; Roepman et al., 2005). Mutations in NPHP4 caused nephronophthisis and Senior-Løken 193 

syndrome (a combination of nephronophthisis and RP) (Mollet et al., 2012; Otto et al., 2002). NPHP4 194 

is localized to the connecting cilium of photoreceptors, a localization that is dependent on RPGRIP1 195 

(Patil et al., 2012; Roepman et al., 2005; Won et al., 2011). We performed immunohistochemistry in 196 
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paraffin sections of retina to detect NPHP4 localization. In WT retina, NPHP4 was present in the 197 

connecting cilium along with acetylated α tubulin. However, in Rpgr cko retina NPHP4 was absent 198 

from the connecting cilium (Figure 2A).  We also examined NPHP4 expression in retinas by Western 199 

blotting and found that NPHP4 expression was significantly decreased at aged 3 months and above 200 

(Figure 2B,C;  Figure S1).  201 

3.2 Photoreceptor cell degeneration in Rpgr cko mice 202 

      To assess photoreceptor cell degeneration throughout ageing, we performed hematoxylin & eosin 203 

staining with paraffin sections of WT and Rpgr cko mouse eyes at ages 1, 3, 6, and 12 months and 204 

measured the thickness of the outer nuclear layer (ONL) at five different points on both superior and 205 

inferior sides of the retina. ONL thickness started to show a significant decrease in 3-month old Rpgr 206 

cko mice and was further markedly decreased at 6 months old, compared to age-matched WT mice. 207 

Only 2-3 layers of photoreceptor nuclei remained in 12-month old Rpgr cko mice (Figure S2). We 208 

also measured the length of photoreceptor outer segments in WT and Rpgr cko mice at different age 209 

points. At one-month old, the length of OSs was similar between WT and Rpgr cko mice; from the 210 

age of 3 months, however, OSs in cko mice were significantly shorter than those of WT mice (Figure 211 

S3). 212 

      Decreased thickness of the ONL in Rpgr cko mice was surmised to be due to death of 213 

photoreceptor cells. We performed a TUNEL assay to detect the total photoreceptor death at different 214 

age points. Significantly increased photoreceptor cell death was present in cko mouse retinas from 3 215 

months of age and peaked at 6 months. In the age-matched WT retina, no significant cell death was 216 

observed (Figure 3). To determine whether photoreceptor cell death is caspase-dependent, we 217 

employed immunohistochemistry to detect activation of Caspase-3, the key component of the caspase-218 

dependent cell death pathway, and found that cleaved caspase-3 was present in the outer plexiform 219 

layer (OPL) and ONL at age 3, 6 and 12 months (Figure S4). 220 

3.3 Microglia were activated at the early stage of retinal degeneration 221 

Microglia are immune cells resident in the central nervous system, including the retina (Li et al., 222 

2015). In the healthy mammalian retina, microglia are in resting form, releasing anti-inflammatory 223 

factors to maintain homeostasis of the retina; however, they can be activated to the ramified form to 224 
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mediate phagocytosis in disease conditions (Karlstetter et al., 2015). To investigate if there was 225 

microglial activation in Rpgr cko mouse retinas, Iba-1, a biomarker of microglia, was measured by 226 

immunohistochemistry in cryosections from WT and Rpgr cko mouse eyes. In the latter the microglia 227 

were activated and migrated into the ONL as early as 1 month old, whereas in the age-matched WT 228 

retina they were present in the OPL (Figure 4). 229 

      To explore the consequence of microglial activation in Rpgr cko mouse retina, we examined the 230 

microglia-mediated inflammation. In macrophages or dendritic cells, the inflammasomes are 231 

assembled by scaffold protein NLRP3 with ASC adaptor and caspase-1 via PYD and CARD domain 232 

(Schroder & Tschopp, 2010). In the Rpgr cko retina, we found NLRP3 colocalized with Iba-1 in the 233 

ONL (Figure 5), indicating the formation of inflammasomes in activated microglia. The result 234 

suggests that microglia-mediated inflammation might contribute to the retinal degeneration in Rpgr 235 

cko mice. 236 

3.4 TUDCA treatment ameliorated retinal degeneration in Rpgr cko mice 237 

Tauroursodeoxycholic acid (TUDCA), the bile acid, has been widely used as an anti-apoptotic, anti-238 

inflammatory and antioxidant compound (Pardue & Allen, 2018). TUDCA has been demonstrated to 239 

cause inhibition of retinal microglia activation and preservation of retinal structure and visual function 240 

(Pardue & Allen, 2018). To test the protective efficacy of TUDCA in Rpgr cko retina, Rpgr cko mice 241 

were intraperitoneally injected weekly with TUDCA (500mg/kg in 0.15M NaHCO3) from P30 to 242 

P120 (n=6). Untreated control Rpgr cko mice received an equivalent volume of 0.15M NaHCO3  243 

(n=6). The thickness of the ONL was significantly increased in TUDCA-treated Rpgr cko mice when 244 

compared to untreated Rpgr cko mice (Figure 6A). The number of photoreceptors was significantly 245 

decreased in cko mice when compared to the wildtype mice; TUDCA treatment resulted in a higher 246 

number of photoreceptors compared to untreated cko mice (Figure S5). The decreased number of 247 

photoreceptor cells is possibly due to cell death; to investigate this we carried out a TUNEL assay and 248 

found that the number of photoreceptors undergoing cell death was notably reduced in the treated 249 

retina (Figure 6B). The caspase-dependent apoptosis pathway in cko mouse retina was possibly 250 

inhibited by TUDCA treatment, since expression of caspase3 on both protein and mRNA levels was 251 

notably decreased (Figure 6C, Figure S6A). In addition, TUDCA treatment significantly ameliorated 252 
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microglia activation by reducing the infiltration of activated microglia into the ONL (Figure 7A). The 253 

inflammasome formation in activated microglia was also supressed (Figure 7B), followed by 254 

decreased expression of matured inflammatory cytokine IL-1β (Figure 7C, Figure S6B).   255 

4 DISCUSSION 256 

In the current study we investigated mistrafficking of photoreceptor proteins, photoreceptor cell death 257 

and microglial activation, and evaluated the protective effects of TUDCA in the retina of Rpgr cko 258 

mice. We found that rhodopsin was partially mislocalized to the connecting cilia and that cone opsins 259 

were also partially mistrafficked to the cone inner segment, cell body and synapse (Figure 1). Partial 260 

mislocalization of rhodopsin and cone opsins in photoreceptors has also been reported in Rpgr ko 261 

mice (Hong et al., 2000; Charng et al., 2016). α-transducin, which operates in rod visual function, was 262 

also partially mislocalized in Rpgr cko mice. In fact, mislocalization of rhodopsin, cone opsins and α-263 

transducin has also been reported in Rrgrip1 ko mice and mutant zebrafish (Raghupathy et al., 2017; 264 

Won et al., 2009). NPHP4 is mutated in nephronophthisis with vision defects (Mollet et al., 2002) and 265 

directly interacts with RPGRIP1. Loss of NPHP4 or RPGRIP1 in mice resulted in abnormal 266 

development of outer segments (Won et al., 2009; 2011). Ptil et al. (2012) reported loss of NPHP4 267 

localization to connecting cilia in RPGRIP1 ko mice. We also found that NPHP4 lost localization to 268 

connecting cilia in Rpgr cko mice and was decreased in cko retinas from 3 months old (Figure 2), 269 

possibly due to loss of photoreceptors, since photoreceptor death in cko mice was noticed from 3 270 

months old and above.  A proteomic study by Rao et al (2015) reported that proteins involved in 271 

ubiquitin-proteasome system or cilia function were decreased in Rpgr ko photoreceptor cilia and that 272 

some of these proteins were partially mislocalized (Rao et al., 2015). Our recent study also showed 273 

that RPGR protein complex regulated proteasome activities. These data suggest that the RPGR 274 

protein complex functions in ciliary protein trafficking and in maintenance of photoreceptor structure 275 

and function.     276 

      Microglia have been reported to mediate retinal degeneration (Karlstetter et al., 2015). Activated 277 

microglia have been detected in the retinas of RP patients (Gupta et al., 2003). Microglial activation 278 

has also been observed in preclinical RP rodent models including Pde6-alpha (Pde6a) and Pde6-beta 279 

(Pde6b) mutant mice, Cngb1 knockout mice, homozygous P23H rats and Royal College of Surgeons 280 
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rats (Blank et al., 2018; Peng et al., 2014; Roche et al., 2016; Roque et al., 1996; Yoshida et al., 2013; 281 

Zeiss and Johnson, 2004; Zeng et al., 2005; Zhang et al., 2018; Zhao et al., 2015). In fact, microglia 282 

activation occurs prior to the initiation of photoreceptor degeneration.  In rd10 mice, retinal microglial 283 

activation was initiated at postnatal day (P) 16 while the photoreceptor apoptosis started at P19 (Peng 284 

et al., 2014); a recent report showed that microglia were activated as early as P5 in rd10 mouse retinas 285 

(Roche et al., 2016). Early microglial activation ahead of photoreceptor cell death has also been 286 

reported in rd1 and Cngb1 knockout mice (Blank et al., 2018; Zeiss et al., 2004). We observed early 287 

microglial activation in Rpgr cko mouse retinas at the age of one month when photoreceptor death 288 

had yet to be initiated (Figures 3 and 4). The data demonstrate that early microglial activation in 289 

retinas is a general feature of inherited retinal degeneration, possibly independent of genetic causes. 290 

The initiation of microglial activation in inherited retinal degeneration is not clear; it is possibly 291 

induced by toxic factors from pre-apoptotic photoreceptors. When photoreceptor death was halted by 292 

a genetic rescue, the activated microglia disappeared in photoreceptor degeneration sites and possibly 293 

became ramified (Zhang et al., 2018), indicating that photoreceptor death regulates microglial 294 

activation. It is presumed that activated microglia phagocytose pre-apoptotic mutant photoreceptors 295 

and secrete proinflammatory cytokines such as TNF-α and IL-1β, which accelerate retinal 296 

degeneration (Karlstetter et al., 2015). Zhao et al. (2015) reported that both genetic depletion of 297 

microglia and suppression of microglial phagocytosis slowed rod cell death in rd10 mice. They also 298 

observed that photoreceptor cell death was suppressed following inhibition of IL-1β signalling using 299 

an IL-1 receptor antagonist; IL-1β was also significantly lower in mouse retina with genetic depletion 300 

of microglia when compared to control mice (Zhao et al., 2015). An early study reported that TNF-α 301 

expression was predominantly upregulated in activated microglia in rd mice (Zeng et al., 2005). We 302 

also found inflammasome formation and predominant expression of IL-1β in activated microglia in 303 

Rpgr cko mouse retina (Figures 6 and 7).  These data suggest that activated microglia-mediated-304 

inflammation is involved in photoreceptor degeneration.  305 

      TUDCA has shown protective effects in a wide range of diseases including liver disease, kidney 306 

stones and gallstones, cardiovascular disease, diabetes, and neurodegenerative diseases (Pardue and 307 

Allen, 2018). TUDCA has also been used to treat rodent models of inherited retinal degeneration 308 
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including rd1, rd10, rd16, Bardet-Biedl syndrome 1 and Lrat
-/- 

mice, and transgenic Rhodopsin P23H 309 

rats; treated animals showed well-preserved retinal structure and improved visual function (Boatright 310 

et al., 2006; Drack et al., 2012; Fernandez-Sanchez et al., 2011; Noailles et al., 2014; Phillips et al., 311 

2008; Zhang et al., 2012). It is proposed that protection of photoreceptor death by TUDCA treatment 312 

is due to improved protein folding and trafficking, reduced oxidative and ER stress, suppression of 313 

inflammation, decreased apoptosis, and increased RPE phagocytosis (Pardue and Allen, 2018). A 314 

recent report demonstrated that TUDCA inhibited microglial activation and decreased microglial 315 

distribution in outer retinal layers in Rhodopsin P23H homozygous rats (Noailles et al., 2014).  We 316 

found that TUDCA treatment preserved the retinal structure of Rpgr cko mice (Figure 6), possibly 317 

through inhibition of apoptotic cell death since the number of apoptotic cells was significantly 318 

decreased in TUDCA-treated Rpgr cko mice when compared to untreated controls and since 319 

expression of the key component of apoptotic pathway, Caspase 3,was markedly decreased in 320 

TUDCA-treated Rpgr cko mouse retina (Figure 7). Zhang et al. (2012) also showed that TUDCA 321 

treated Lrat
-/-

 mice had decreased apoptosis with disappearance of activated Caspase 3. We also found 322 

that TUDCA treatment inhibited microglial activation and suppressed microglial migration to outer 323 

retinal layers (Figure 7). TUDCA treatment also reduced the NLRP3 inflammasome formation in 324 

activated microglia and decreased IL-1β expression in treated Rpgr cko mouse retinas (Figure 7), 325 

which is consistent with previous studies that showed that TUDCA inhibited expression of 326 

inflammatory factors and promoted anti-inflammatory transcripts in rat microglia (Yanguas-Casás et 327 

al., 2017).   328 

      In conclusion, we observed defective ciliary protein trafficking and early microglial activation in 329 

the retinas of Rrpgr cko mice. TUDCA treatment inhibited microglial activation and inflammation, 330 

resulting in preservation of retinal structure in Rpgr cko mice. 331 
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Figure Legends 474 

Figure 1 Loss of RPGR caused mislocalization of opsins and transducin. Cryosections of retinas at 475 

1month (M) old were stained for rhodopsin (green), red/green opsin (red), blue opsin (red), transducin 476 

(red), and nuclei were counterstained with DAPI (blue). Opsins and transducin were localized to outer 477 

segments (OSs) in wildtype (WT) mouse retinas. Rhodopsin was mislocalized to inner segment (IS) in 478 

Rpgr cko retina, while red/green opsin, blue opsin and transducin exhibited mislocalization to both the 479 

IS and outer nuclear layer (ONL) in Rpgr cko retina. Arrowheads indicate mislocalized rhodopsin, 480 

red/green and blue opsins in the respective images. 481 

Figure 2 NPHP4 was absent from connecting cilia in Rpgr cko mice. (A) Paraffin sections of mouse 482 

retina were stained for NPHP4 (green) and connecting cilium (CC) marker acetylated  tubulin (red). 483 

NPHP4 was localized to connecting cilia and partially co-localized with acetylated  tubulin in 484 

wildtype (WT) retina but was absent from Rpgr cko (RPGR KO) mouse retinas (n=3). (B) Western 485 

blotting with total retina lysis of three WT and Rpgr cko mice was performed. (C) NPHP4 (158 kDa) 486 

protein level was significantly decreased in Rpgr cko mouse retinas at 3, 6 and 12 months (M) old. 487 

Data are from two separate Western blots. Statistical comparisons were performed by a non-488 

parametric t-test followed by Wilcoxon matched-pairs signed rank test. *p<0.05; ns, no significance.  489 

Figure 3 Cell death occurred in Rpgr cko retinas. (A) TUNEL assay was carried out with cryosections 490 

of WT and Rpgr cko retinas at 1M, 3M, 6M and 12M old. Green signal represented the DNA 491 

fragmentation in photoreceptors undergoing cell death. Arrowheads indicate nuclei of apoptotic cells. 492 

(B) Quantification of percentage of apoptotic cells in total photoreceptors. Blue line represents 493 

wildtype (WT) group and red line represents Rpgr cko group. Cell death signal significantly increased 494 

at 3M old in cko retinas and peaked at 6m old. Data were collected and analysed by a non-parametric 495 

t-test followed by Wilcoxon matched-pairs signed rank test (n=5). *p<0.05, **p<0.01, ***p<0.001; 496 

ns, no significance. 497 

Figure 4 Microglia were activated and induced inflammation at an early stage. (A) Immunostaining 498 

of microglia marker Iba-1 (red) was performed with cryosections at different ages. In Rpgr cko retina, 499 

microglia were stimulated into a ramified shape and infiltrated the outer nuclear layer (ONL) as early 500 
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as 1M. Arrowheads indicate microglia. (B) The percentage of cells with Iba-1 signal in total 501 

photoreceptors in both WT and Rpgr cko retina was quantified with ZEN and analysed with a non-502 

parametric t-test followed by Wilcoxon matched-pairs signed rank test (n=5). *p<0.05. 503 

Figure 5 Activation of inflammation pathway in photoreceptor cell death. Co-immunostaining was 504 

performed for detection of Iba-1 (red) and NLRP3 (green). The overlap of Iba-1 and NLRP3 was 505 

observed in the outer nuclear layer (ONL) in cko retina at different ages; in wildtype (WT) retinas, 506 

they were found only in outer plexiform layer (OPL). Arrowheads indicate Iba-1/NLRP3. 507 

Figure 6 TUDCA protected the morphological loss of photoreceptors. TUDCA treatment ameliorated 508 

retinal degeneration in Rpgr cko mice. A total of six eyes (one eye from each treated or untreated 509 

mouse) were used for cryosectioning and immunostaining.  Nuclei in retina were counterstained with 510 

DAPI (blue). (A) Outer nuclear layer (ONL) of untreated Rpgr cko retinas (n=6) was significantly 511 

thinner than ONL of TUDCA-treated retinas. (B) TUDCA attenuated cell death of photoreceptors as 512 

determined by TUNEL assay, indicating that less cell death occurred in ONL after TUDCA treatment. 513 

Arrowheads indicate nuclei of apoptotic cells. (C) TUDCA treatment reduced cleaved-caspase 3 514 

protein (red) expression detected by immunostaining. Arrowheads indicate activated caspase 3. 515 

Statistical comparisons were performed using one-way ANOVA followed by Bonferroni test. *p<0.05, 516 

**p<0.01, ***p<0.001. 517 

Figure 7 TUDCA treatment reduced the activity of microglia in the photoreceptor layer and 518 

ameliorated inflammation. A total of six eyes (one eye from each treated or untreated mouse) were 519 

used for cryosectioning and immunostaining.  (A) Iba-1 (red) represents the microglia state. In the 520 

TUDCA treated group, invasion of microglia (arrowheads) in ONL was significantly reduced 521 

compared to the untreated group. (B) Co-immunostaining of Iba-1 (red) and NLRP3 (green) was 522 

performed. In the TUDCA treated group, NLRP3 expression was restricted to the outer plexiform 523 

layer whereas in the untreated group was present also in the ONL. Red arrowheads indicate microglia; 524 

green arrowheads indicate NLRP3. Broken lines are used to separate different retinal layers. (C) 525 

Immunostaining of IL-1 (green, arrowheads) was performed and showed that TUDCA treatment 526 

dramatically reduced IL-1 in retinas. Total RNAs were extracted from mouse retinas (one retina 527 
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from each eye of individual treated or untreated mice; in total 6 retinas) were used for cDNA 528 

synthesis and for qRT-PCR. Statistical comparisons were performed using one-way ANOVA 529 

followed by Bonferroni test. *p<0.05, ***p<0.001. 530 
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Figure 4 573 
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Figure 6 597 
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Figure 7 611 
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Supplementary data 617 

Table S1. Primary antibodies were used for this study 618 

Primary Antibody Dilution Manufacturer 

Rhodopsin 1:200 Abcam, ab98887 

M opsin 1:100 Abcam, ab5405 

S opsin 1:100 Abcam, ab5407 

α-Transducin 1:100 Abcam, ab74059 

GRK1 1:100 Abcam, ab2775 

NPHP4 1:100 Antibody-online, ABIN1089278 

Cleaved Caspase 3 1:100 Cell Signaling #9664 

Iba-1 1:100 Wako, 019-19741 

NLRP3 1:100 R&D, MAB7578 

IL-1β 1:200 Cell Signaling, #12242 

RPGR 1:100 Sigma, HPA001593 

Acetylated α tubulin 1:200 Sigma, T6793 
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Supplementary Figure legends 633 

Figure S1 Full image of Western blot for Figure 2B. Description of the blot is provided in Figure 2B 634 

legend.  635 

Figure S2 Morphological change in Rpgr cko retinas. Histological examination following 636 

hematoxylin and eosin staining showed decreased thickness of the outer nuclear layer (ONL) in Rpgr 637 

cko retina from 1 month (M) to 12M old. Green bars indicate ONL. Graphs show the thickness of 638 

ONL on both superior and inferior sides of retinas. Compared to wildtype (WT, blue line) retinas, the 639 

thickness of the ONL of Rpgr cko retinas (red line) was significantly decreased from 3months (M) old 640 

(n=5). INL, inner nuclear layer; IS, inner segment; OPL, outer plexiform layer; OS, outer segment. 641 

Statistical comparisons were performed by a non-parametric t-test following by Wilcoxon matched-642 

pairs signed rank test. *p<0.05.  643 

Figure S3 The rhodopsin signal (green) indicated the length of outer segment (OS) in retinas, 644 

represented by the double-headed red arrow. IS, inner segment; ONL, outer nuclear layer. (B) The 645 

length of outer segments (OS) of Rpgr cko (RPGR KO) retinas from 3 months (M) old was 646 

significantly reduced when compared to that of wildtype (WT) retinas. The length of OS at different 647 

ages was measured by ZEN and analysed by GraphPad Prism (n=5). Statistical comparisons were 648 

performed by a non-parametric t-test following by Wilcoxon matched-pairs signed rank test. *p<0.05. 649 

Figure S4 Caspase-dependent apoptosis was involved in photoreceptor degeneration in Rpgr cko 650 

retina. (A) Cryosections of retinas were stained for cleaved-caspase 3 (green), counterstaining with 651 

DAPI (blue). Caspase 3 was observed in the outer plexiform layer (OPL) of cko retinas from 3 652 

months (M) old and also in the outer nuclear layer (ONL) at 6M and 12M old. In wildtype (WT) 653 

retina, no cleaved-caspase 3 was observed (n=5). (B) Quantification of cleaved-caspase 3 signal. 654 

Percentage of photoreceptors in which cleaved-caspase 3 signals were detected in total photoreceptors. 655 

Statistical comparisons were performed by a non-parametric t-test followed by Wilcoxon matched-656 

pairs signed rank test. *p<0.05. 657 

Figure S5 Counting of photoreceptors in wildtype (WT), TUDCA-treated and untreated mouse 658 

retinas. Cryosections of WT, TUDCA-treated and untreated mouse eyes were stained with DAPI 659 

(blue). The results represent data obtained from two regions (one in the superior retina and one in the 660 
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inferior retinas, 100µm×100µm under 400x magnification, 0.4mm from optic nerve head, ONH) of 661 

two sections of each eye. Five eyes from five individual mice were used for the quantification. Data 662 

were analyzed  by GraphPad Prism with une-way ANOVA. 663 

Figure S6 Expression of Caspase 3 and IL-1β (mRNA) was suppressed by TUDCA treatment. 664 

TUDCA treatment significantly reduced the mRNA levels of Caspase 3 (A) and IL-1β (B) in retinas 665 

of Rpgr cko mice. Statistical comparisons were performed using one-way ANOVA followed by 666 

Bonferroni test. **p<0.01, ***p<0.001. 667 
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Figure S1 689 
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Figure S2 708 
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Figure S3 710 
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Figure S4 722 
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