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ABSTRACT 

The rd10 mouse is a model of retinitis pigmentosa characterized by the dysfunction of a rod-

photoreceptor-specific phosphodiesterase. Compared to the rd1 mouse, retinal degeneration 

in the rd10 mouse begins later in age with a milder phenotype, making it ideal for 

investigating cell death and neuroprotective mechanisms. Alterations in the rd10 retina 

proteome at pre-, peak-, and post-degenerative time points were examined using a modified 

high-recovery filter-aided sample preparation (FASP) method in combination with label-free 

quantitative mass spectrometry, generating a proteomic dataset on almost 3000 proteins. Our 

data confirmed a period of protein expression similar to age-matched wild-type mice pre-

degeneration, with decreases in proteins associated with phototransduction and increases in 

signaling proteins at peak- and post-degenerative stages. 57 proteins were differentially 

expressed in the rd10 retinae during peak-degeneration compared to wild-type mice after 

stringent FDR correction (q<0.05). Network analysis separated these proteins into a cluster of 

downregulated photoreceptor proteins, and one of upregulated signaling proteins centered 

around GFAP, STAT3, and STAT1. This is the first study to identify alterations in STAT1 in 

the rd10 mouse, which were confirmed with gene expression and immunoblotting 

experiments underpinning the efficacy of our approach. This unique proteomic dataset on 

protein dynamics during retinal degeneration could serve as an information source for vision 

research in the future. 

Page 2 of 37

ACS Paragon Plus Environment

Journal of Proteome Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

3

KEYWORDS  

Label-free mass spectrometry 

phospho-STAT 

Retinal Müller glial cells 

Immunohistochemistry 

Eye 

Retinitis pigmentosa 

Photoreceptor cell death

Page 3 of 37

ACS Paragon Plus Environment

Journal of Proteome Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

4

INTRODUCTION 

Retinitis pigmentosa (RP) is an umbrella term for inherited degenerative eye diseases that 

are typically characterized by photoreceptor death leading to decreased visual fields, night 

blindness, and eventually legal or complete blindness. Over 180 different genes causing 

inherited retinal diseases have been mapped.
1
 Mutations in the β subunit of rod cGMP 

phosphodiesterase (PDE6B) cause an autosomal recessive form of RP characterized by 

degeneration of rod photoreceptors which account for approximately 4% of retinitis 

pigmentosa cases.
2
 Mutations in the mouse analogue, Pde6b, similarly cause retinal 

degenerative diseases in mice, and provide a useful model to examine the pathogenesis of RP. 

The most commonly studied mouse model of Pde6b retinal degeneration is the rd1 mutant.
3
 

The rd1 mutation is found in many different laboratory mice strains and is caused by a 

nonsense point mutation in exon 7 and viral insert in intron -1 of the Pde6b gene resulting in 

a non-functional protein.
3–5

 This results in a very fast degeneration with rod cell death 

beginning around post-natal day (PN)10, peaking around PN14, and is complete by the third 

week of life.
6
 Despite the mutation being only present in rod photoreceptors, all retinal cells 

respond to the degeneration with reactive gliosis seen by the increase of glial fibrillary acidic 

protein (GFAP) in Müller cells, inner retinal synaptic remodeling following rod degeneration, 

and cone photoreceptor death.
7–9

 However, the speed of the degeneration and the early age at 

which it begins in the rd1 mouse can lead to challenges in interpreting the pathological 

degenerative mechanisms as it overlaps with a period of developmental apoptosis. 

Another Pde6b mutant, the rd10 mouse, contains a missense mutation in exon 13, resulting 

in a partially functioning gene and slower rate of degeneration compared to rd1 mice.
10,11

 

Retinal development in rd10 mice is normal at two weeks of age.
11–13

 Following this, rod 

photoreceptors rapidly degenerate with peak death rates at PN21;
13

 by the fourth week of age, 

the outer nuclear layer (ONL) is reduced to only a few rows of cells corresponding primarily 
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to cone photoreceptors.
11,12

 Like rd1 mice, significant synaptic remodeling, vascular changes, 

and gliosis occur in rd10 mice following photoreceptor degeneration.
11–14

 Unlike rd1 

mutants, the slower rate of degeneration in the rd10 results in a period where the retina is 

physiologically functional, as detected through the electroretinogram (ERG),
11,12

 although 

these responses are slower and decreased compared to mice with normal vision. Given that 

retinal structure and function are maintained for longer and the degeneration does not overlap 

with developmental apoptosis, the rd10 mouse is a superior RP model for examining the 

progression of degenerative pathways. In addition, as the rd10 mutation spontaneously arose 

in C56Bl/6 mice,
10

 these mice serve as an appropriate wild-type. In comparison, while the 

C3H/HeH mouse line used as a control for rd1 studies has forced expression of wild-type 

Pde6b and normal retinal histology, ERG recordings from this strain are decreased compared 

to wild-type BALB/c mice.
15

 

This study investigates protein alterations at significant time points in the rd10 retina with 

label-free quantitative mass spectrometry. Samples were prepared using a filter-associated 

sample preparation (FASP) protocol.
16

 FASP has been demonstrated on a variety of tissues 

such as liver,
16

 aorta,
17

 and brain,
18

 and is particularly efficient at identifying a large number 

of proteins from samples containing small numbers of cells,
19

 which makes this approach 

ideal for small organs such as mouse retina. Using hierarchical clustering and network 

analysis, we identified an increasing number of differentially abundant proteins at the 

degenerative PN21 and PN28 timepoints, which were then validated by qPCR, 

immunofluorescence and western-blot.  
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EXPERIMENTAL SECTION 

Animals 

Mice (wild-type [C57Bl/6N] and rd10 [B6.CXB1-Pde6b
rd10

/J]; Jackson Laboratories, Bar 

Harbor, ME, USA) were bred and maintained at a constant temperature (22 ± 1°C), with a 

12:12 hour light:dark cycle and free access to food and water. Male mice were sacrificed at 

PN14, PN21, and PN28 via cervical dislocation. The eyes were immediately enucleated, and 

the retina either completely dissected free from the eye, frozen in liquid nitrogen, and stored 

at -80°C for until further processing, or the cornea, lens, and vitreous removed with the 

posterior eyecup fixed in 4% paraformaldehyde in 0.1M phosphate buffer for 30 minutes and 

processed for histology.
20

 All procedures adhered to the ARVO guidelines of the Use of 

Animals in Ophthalmic and Vision Research.  

 

Filter-Aided Sample Preparation  

Samples were prepared using a modified Filter Aided Sample Preparation (FASP) 

protocol.
16

 Retina samples (n=4 per age and mouse strain) were lysed in buffer A (9 M urea, 

2 M thiourea, 4% CHAPS, 65 mM DTT), and homogenized for two 30 second cycles at 

65000 rpm with a 20 second pause between each cycle using the Precellys Ceramic Kit 

(Peqlab Biotechnologie, Erlangen, Germany). Following homogenization, samples were 

incubated at room temperature, centrifuged for 3 minutes at 17,500 g, supernatants 

transferred to LoBind tubes (Eppendorf, Hamburg, Germany), and the protein content 

determined using a Bradford assay. Samples were later used for LC-MS/MS and Western 

Blot (WB) analysis. For mass spectrometric analysis, 10µg of each sample was diluted 1:10 

in 50mM ammoniumbicarbonate and incubated with 10µl 100mM dithiothreitol for 30 

minutes at 60ºC. Samples were alkylated with 10 µl of 300 mM iodoacteamide at room 

temperature in the dark, and then pipetted onto a 30 kD centrifuge filter (Pall Corporation, 
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NY, USA). Following centrifugation at 14,000 g, the flowthrough was discarded and the 

remaining sample repeatedly washed with UA buffer (8 M urea in 0.1 M Tris/HCl, pH 8.5), 

followed by 50 mM ammonium bicarbonate (ABC) with the flowthrough discarded between 

washes. The samples were diluted again in ABC, then proteolysed on the filter with 1µg Lys-

C (Wako) for 2 hours at room temperature, and proteolysed with trypsin (Promega) at 37ºC 

overnight. The samples were centrifuged at 15,000 g for 15 min through the filter and the 

flowthrough added to fresh LoBind tubes. The filter was washed with 50 mM ABC/2% 

acetonitrile (ACN), centrifuged at 15,000 g for 15 min and the flowthrough pooled with the 

flowthrough obtained in the prior step. Trifluoracetic acid (TFA; pH 2) was added to the 

samples prior to LC-MS/MS analysis.  

 

Mass Spectrometry 

LC-MS/MS analysis was performed as described previously on an LTQ OrbitrapXL 

(Thermo Fisher Pierce).
21,22

 Before loading, samples were centrifuged for 5 min at 4 ºC. 

Approximately 0.5 µg of each sample was automatically loaded onto the trap column at a 

flow rate of 30 µl/min in 97% buffer A (2% ACN/3%DMSO/0.1% formic acid (FA)) and 3% 

buffer B (73 % ACN/3% DMSO/0.1 % FA in HPLC-grade water).
23

 After 5 min, the peptides 

were eluted, and separated at 300 nl/min flow rate on the analytical column by a 140 min 

gradient from 3 to 35% of buffer B, followed by a short gradient from 35% to 95% buffer B 

in 5 min. The gradient was reset back to 3% buffer B and left to equilibrate for 20 min 

between each sample. From the MS prescan, the 10 most abundant peptide ions were selected 

for fragmentation in the linear ion trap if they were at least doubly charged and if they 

exceeded an intensity of at least 200 counts, with a dynamic exclusion of 60 seconds. During 

fragment analysis, a high-resolution (60,000 full width at half-maximum) MS spectrum was 

acquired with a mass range from 300 to 1500 Da. 
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Label-Free Analysis 

The acquired spectra of the different samples were loaded and analyzed using Progenesis 

LC-MS software (Version 2.5, Nonlinear Dynamics) for label-free quantification as 

previously described.
21

 The profile data of the MS scans were transformed into peak lists 

with respective m/z values, intensities, abundances, and m/z width. MS/MS spectra were 

treated similarly. Using the most complex sample as reference, the retention times of the 

other samples were aligned by automatic alignment to a maximal overlay of the 2D features. 

Features with one or more than seven charges were excluded from further analyses. Samples 

were then allocated to their respective experimental and age groups.  

All MS/MS spectra were exported as Mascot generic files (mgf) and used for peptide 

identification with Mascot (version 2.4) using the Ensembl Mouse protein database (mus 

musculus; release 72, 51765 sequences, 23352282 residues). Search parameters used were 

10ppm peptide mass tolerance, 0.6 Da fragment mass tolerance, one missed cleavage 

allowed, carbamidomethylation was set as fixed modification, and methionine oxidation and 

deamidation of asparagine and glutamine were allowed as variable modifications. Mascot 

integrated decoy database search was set to a false discovery rate (FDR) of 1% when 

searching was performed on the concatenated mgf files with a percolator ion score cut-off of 

15 and an appropriate significance threshold p. Identifications were re-imported into 

Progenesis LC-MS. For quantification, only unique peptides of an identified protein were 

included and the total cumulative normalized abundance was calculated by summing the 

abundances of all peptides allocated to the respective protein. No minimal thresholds were set 

for the method of peak picking or selection of data to use for quantifications. This study 

utilized proteins identified and quantified by at least one peptide with a mascot percolator 

score of ≥ 15 for further analysis. A t-test implemented in the Progenesis QI software 
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comparing the normalized abundances of the individual proteins between groups was 

calculated and corrected for multiple testing resulting in q-values (FDR adjusted p-values) 

given in supplemental tables 1 to 4. Furthermore a ratio average (rd10/wild-type) was 

calculated for each time point. 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium 
24

 via the PRIDE partner repository with the dataset identifier PXD002584. 

 

Cluster, Protein Network and Pathway Enrichment Analysis 

Protein clusters, interaction maps and pathway enrichment analysis was conducted using 57 

proteins significantly different at P21 (q < 0.05). 

Cluster analysis of the P14, P21 and P28 log2 transformed rd10/wildtype ratios was 

performed using Cluster 3.0 software.
25

 The observed ratios were normalised and the distance 

matrix calculated using the ‘Euclidean distance’ setting. Hierarchical clustering was 

completed using the ‘complete linkage’ algorithm for comparison of the behaviour of the 

individual proteins at different timepoints. The resultant tree and heatmap were visualised 

with Java Treeview (http://www.eisenlab.org/eisen/?page_id=42). 

For protein map generation, corresponding gene names and fold changes were uploaded 

into Genomatix Pathway System (GePS, http://www.genomatix.de, Genomatix), and created 

using Mus musculus as the organism with literature mining conducted at the function word 

level. All unconnected proteins were removed from the network; upregulated proteins colored 

yellow and downregulated proteins were colored blue. 

Pathway enrichment analysis was performed with Generanker (http://www.genomatix.de, 

Genomatix) again using Mus musculus as organism. For the determination of enriched 

molecular functions, clusters A+B and cluster E (see figure 2) were processed separately. 
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Significantly enriched molecular function assignments were exported and are displayed in 

supplemental tables 6 and 7. 

 

mRNA isolation and cDNA generation. 

Total RNA was isolated from wild-type and rd10 retinae at P14 and P21 (n=3/age).
26

 

Retinae were homogenized in 750 µl TRIzol (Invitrogen, Karlsruhe) and incubated for 5 

minutes at room temperature. 150 µl of chloroform was then added to the sample and agitated 

for 15 seconds, incubated for 3 minutes, and centrifuged (4°C, 15 minutes, maximum speed). 

The supernatant was transferred to a new microcentrifuge tube with 375 µl of isopropanol, 

incubated for 10 minutes at room temperature, and centrifuged (4°C, 10 minutes, maximum 

speed). The pellet was washed with 75% ethanol and treated with RQ1 RNase-free DNase 

Kit (Promega, WI, USA) to eliminate contaminating genomic DNA. Total RNA samples 

were quantified using a Nanodrop (Thermo Fisher Scientific). cDNA was then generated 

using the Fermentas RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) 

following the producer’s instructions. To improve yield, oligo(dT)20-Primers together with 

random hexamer primers were used for synthesis.  

 

Relative Quantification with qRT-PCR 

Quantitative real-time PCR was performed with a LightCycler 480-System (Roche 

Diagnostics, Mannheim, Germany) using a commercially available reaction mixture, KAPA 

SYBR FAST qPCR MasterMix for Roche Light Cycler480 (Peqlab, Erlangen, Germany). 

Reactions were carried out in triplicate. Relative gene expression levels were determined by 

normalization to the expression level of the housekeeping gene hypoxantine guanine 

phosphoribosyl transferase 1 (Hprt1). The delta delta Ct method was used to calculate fold 
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expression levels.
27

 See supplementary table 5 for primer sequences. The number of 

independent replicates was n=4 for all genes, except for Stat1 (n=2). 

 

Immunofluorescence and Microscopy 

After fixation in 4% paraformaldehyde and cryoprotection in graded (10%, 20%, and 30%) 

sucrose, eyecups were dissected, embedded and vertically sectioned (12 µm, Microm560 

cryostat). For examining morphology, sections were washed with 0.1M phosphate buffer 

(PB), and stained with DAPI. Immunofluorescence was performed as described previously.
20

 

Briefly, sections were blocked (10% normal goat serum, 1% bovine serum albumin, and 

0.5% Triton X-100 in PB) for 1 hour, and for single staining incubated overnight in rabbit 

anti-GFAP antibody (1:10,000, #Z0334, Dako) diluted in 3% normal goat serum, 1% bovine 

serum albumin, and 0.5% Triton X-100 in PB. After rinsing, sections were incubated in goat 

anti-rabbit 488 secondary antibody (1:1000, AlexaFluor, Invitrogen) for 90 minutes, 

counterstained (Hoechst 1:5000, #H3570, Molecular Probes), rinsed in PB, and coverslipped. 

For double staining after blocking, sections were incubated overnight in rabbit anti-STAT1 

antibody (1:500, #HPA000982, Sigma) diluted in 3% normal goat serum, 1% bovine serum 

albumin, and 0.5% Triton X-100 in PB. After rinsing, sections were incubated in goat anti-

rabbit 488 secondary antibody (1:1000, AlexaFluor, Invitrogen) for 90 minutes, followed by 

another overnight incubation in mouse anti-glutamine synthetase (1:1000, #610517, BD 

Transduction Labs) diluted in 3% normal goat serum, 1% bovine serum albumin, and 0.5% 

Triton X-100 in PB and incubation in goat anti-mouse 568 secondary antibody (1:1000, 

AlexaFluor, Invitrogen) for 90 minutes. After counterstaining (Hoechst 1:5000, #H3570, 

Molecular Probes) and rinsing in PB the sections were coverslipped. 

Sections were photographed on an AxioImager Z1 with ApoTome attachment (Zeiss) with 

constant variables maintained for each section.  
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Western Blot (WB) Analysis 

The levels of STAT1, STAT3, and phosphorylated STAT1 and STAT3 in the WT or rd10 

lysates were determined in WBs using 15µg of tissue lysate, with alpha-tubulin as a loading 

control. Blots were blocked in 3% BSA in 1xTBST for 1h at room temperature and incubated 

overnight in rabbit anti-STAT1 (1:500; #HPA000982, Sigma), rabbit anti-pSTAT1 (Ser-727, 

1:1000; #8826, Cell signaling), rabbit anti-STAT3 (1:1000; #4904, Cell signaling), rabbit 

anti-pSTAT3 (1:1000; #9145, Cell signaling), or rat anti-alpha tubulin (1:10,000; #AB6160, 

Abcam,). Species appropriate secondary HRPO-coupled antibodies were used in a dilution of 

1:10,000. Protein signals were visualized using ECL Plus enhanced chemiluminescence kit 

(GE Healthcare) and quantified using ImageJ. 

 

Statistical Analysis 

Proteomics data were analysed using the t-test function in Progenesis QI (two sided, 

unpaired), followed by correction for multiple testing, with resulting p- and q-values given in 

supplemental tables 2 to 4. 

The qPCR results are plotted using GraphPad Prism5 (GraphPad Software) and expressed 

as mean ± SEM.  
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RESULTS  

Time course of photoreceptor degeneration  

To confirm previous studies that reported normal retinal morphology in two week old rd10 

mice, rod degeneration at three weeks and completion by four weeks of age,
11–13

 peripheral 

retinal sections from wild-type and rd10 were stained with DAPI at PN14, PN21 and PN28 

(figure 1). Peripheral retina was chosen as it is reported to degenerate more slowly than 

central retina.
12

 In accordance with these studies, the photoreceptor nuclei-containing outer 

nuclear layer in PN14 wild-type (figure 1A) and rd10 (figure 1B) are of comparable size. At 

PN21, the rd10 ONL is approximately half the size of wild-type ONL (figure 1C-D), and is 

reduced to one layer of nuclei by PN28 (figure 1E-F).  

 

Proteomic profiling of retina at different time-points during degeneration. 

Retinal proteins were extracted from complete tissue at PN14, PN21, and PN28 and mass 

spectrometric samples were prepared using FASP. FASP has been demonstrated as a method 

that allows the efficient analysis of samples consisting of a small number of cells,
16,19

 and is 

therefore appropriate for an organ such as mouse retina. Combining the results of the three 

time points, we identified a total of 2885 different proteins and a total of 2620 proteins were 

quantified (supplemental table 1), with an overall coefficient of variation between replicates 

of 27% indicating high reproducibility of the performed workflow. Using the average 

normalized abundances, a t-test with subsequent correction for multiple testing and the ratio 

of rd10 versus wild-type for each time point were calculated to determine which proteins 

were significantly different between the animal groups and the degree of the alteration. A 

volcano plot comparing individual protein significance q-values against corresponding ratios 

indicate a close scatter at P14 that increases by PN21, with the widest distribution at PN28 

(supplemental figure 1). These results indicate that only few proteins are differentially 
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abundant at PN14, prior to overt degeneration, but that this number increases with age and 

degenerative time course. 

 

Protein networks affected by retinal degeneration 

At PN14, which is considered the time point preceding obvious retinal degeneration, only 2 

proteins were significantly differentially abundant between rd10 and wildtype retinae based 

on FDR-adjusted q values (q<0.05), including PDE6G (supplemental table 2). In contrast, 

most differences in expression were detected at PN28 (1359 significantly different proteins 

with q<0.05, supplementary table 4), as expected, since this time point reflects advanced 

degeneration. We considered the proteins significantly altered at PN21 the most interesting 

set, because this time point corresponds to peak degeneration in rd10 mice and consequently 

used this set for interaction and pathway enrichment analysis. 57 proteins were significantly 

different at PN21 after correction for multiple testing (q < 0.05), of which 25 and 32 were up- 

and downregulated respectively (supplemental table 3). 

Hierarchical clustering was conducted for these proteins using their respective fold-changes 

between wild-type and rd10 mutant at PN14, 21, and 28 to further examine alterations in 

protein levels and determine whether this was reflective of functional alterations during 

disease progression (figure 2). From this, five clusters were identified corresponding to ratio 

expression behavior. Clusters A and B are comprised of proteins with decreased abundances, 

with cluster A having peak difference at PN28, and cluster B peaking at PN21. Cluster C 

consists of proteins that displayed decreased ratios at PN21 and increased at PN28; this was 

reversed for the proteins in cluster D. Cluster E contains proteins with peak increased 

abundances at PN21 or PN28. 

To investigate whether these groupings are also reflective of functional similarity, the 

clusters were analyzed for overrepresentation of specific molecular function assignments with 
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Generanker pathway enrichment analysis. Clusters A and B were combined as they followed 

the same abundance trends. Cluster E was analyzed separately. Clusters C and D were not 

analysed with Generanker as they only consisted of a small numbers of proteins making 

pathway analyses difficult to perform and interpret. 

Analysis of combined cluster A and B indicated that down-regulated proteins are 

overwhelmingly associated with phototransduction processes (supplemental table 6). These 

proteins also formed the core of the down-regulated sub-network in the Genomatix 

interaction map shown in figure 3, indicating a large degree of overlap between the two 

analyses. 

In contrast, the proteins in cluster E were associated with protein binding, chemokine and 

cytokine signaling (supplemental table 7). Most interesting molecular functions were 

chemokine receptor binding processes involving STAT1 and STAT3, which also form part of 

the larger sub-network in figure 3.  

A protein interaction map was generated using Genomatix Pathway System GePS 

(Genomatix) to identify functional protein networks (figure 3). The map indicated one large 

network, consisting of two sub-networks, one of which is composed of downregulated 

proteins involved in rod photoreceptor function and structure, such as the phosphodiesterase 

subunits PDE6B, PDE6A, and PDE6G, cyclic nucleotide-gated channels CNGA1 and 

CNGB1, and rod outer membrane protein (ROM1). The other sub-network consists of a core 

of upregulated cell signaling proteins, such as Signal Transducer and Activator of 

Transcription 1 and 3 (STAT1, STAT3), Guanylate Binding Protein 2, Interferon-Inducible 

(GBP2) and Vascular Cell Adhesion Molecule 1 (VCAM1), surrounded by their modulation 

targets. 

 

Validation of PN21 proteomic alterations via immunofluorescence, qPCR and western blot  
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Immunofluorescence was conducted on PN21 tissue to determine the anatomical location 

of alterations in GFAP and STAT1 levels. At PN21, GFAP expression is only found in the 

ganglion cell layer (GCL) of the wild-type retina, but is expressed in retinal Müller glial 

processes reaching into remains of the outer nuclear layer (ONL) in rd10 retina (figure 4A). 

Immunoreactivity of STAT1 antibody was elevated in the rd10 retina compared to PN21 

wild-type retina (figure 4B). While STAT1 is increased overall in the rd10 retina, the 

labelling in the inner plexiform and ganglion cell layers appears to localize to Müller cell 

processes. Double immunofluorescence for STAT1 and glutamine synthetase for Müller cells 

confirmed this, as double labelling was absent in the age-matched control (figure 4B). 

The gene expressions of Pdea6a, Slc24a1, Mvp, Stat3, Stat1 and Gfap were further 

examined based on the cluster, network and pathway analyses. Figure 4C is a comparison of 

the measured gene expression fold changes to the corresponding proteomic values. The qPCR 

results confirmed those found by the proteomic screen – candidates with decreased protein 

abundances had decreased gene expression and those with increased abundances had 

increased gene expression.  

Having confirmed alterations in STAT1 via immunofluorescence and qPCR, and STAT3 

with qPCR, the total protein and corresponding phosphorylation states were examined with 

western blots. Figure 4D not only confirms an increase in STAT1 and STAT3 levels, but also 

reveals increased pSTAT1 and pSTAT3 relative to loading control (tubulin). Interestingly, 

total STAT1 levels were increased approximately 2-fold and pSTAT1 levels even more than 

5-fold, whereas total STAT3 levels were increased 4-fold and pSTAT3 levels only 3-fold.  
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DISCUSSION 

This study utilized label-free quantitative mass spectrometry to investigate changes in the 

retinal proteome at three significant time points in a mouse model of retinitis pigmentosa. 

Using a highly reproducible and sensitive sample preparation protocol, the rd10 model of 

photoreceptor degeneration was examined at 2, 3, and 4 weeks of age, which respectively 

correspond to pre-, peak-, and post-degenerative time points. Correspondingly, we found the 

greatest number of alterations occurred at PN21 and 28. Furthermore, concentrating on the 

PN21 timepoint indicated particular changes not just in proteins associated with visual 

transduction and retinal function, but also the signaling proteins STAT1 and STAT3. 

Alterations in the levels of these proteins were confirmed at the gene expression and 

anatomic level.  

Although the rd10 mouse model of retinal degeneration is not as well studied as mice with 

the rd1 mutation, it is potentially a better model to investigate degenerative processes and 

sight-restorative therapies as the slow rate of degeneration confers a period of visual 

functionality in rd10 mice.
11,12,28,28

 Perhaps the most important difference between the rd1 

and rd10 models is that the later commencement of pathologic cell death in the rd10 does not 

overlap with the developmental apoptosis. Therefore, any detected pathways would only be 

due to degenerative processes. 

This is the first study to examine rd10 disease progression using a proteomics approach. 

Studies using targeted or untargeted proteomic screens and network analysis have been 

successfully used to examine protein changes and identify potential biomarkers in other 

retinal diseases. We have previously used proteomics approaches to identify autoantigens and 

the upregulation of pro-inflammatory proteins in equine recurrent uveitis,
21,22,29

 and examined 

the effect of anti-hyperglycaemic treatment on the retinal membrane proteome of a mouse 

model of type 2 diabetes.
30

 2D-gel-based proteomic analyses of the rd1 mouse retina have 
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identified an increase in crystallins in parallel with a decrease in rod proteins,
31

 and increased 

phosphorylation of phosducin and activation of calcium/calmodulin-activated protein kinase 

II.
32

 In contrast to the aforementioned studies of rd1 retinas, we have used here a LC-

MS/MS-based proteomic approach applying a FASP protocol due to its reported higher 

sensitivity and suitability for small sample amounts compared to other preparation methods.
19

 

The sensitivity of this approach is reflected in the high protein yield from our samples, with 

an approximately 3 to 5 fold increase in identification rates in comparison to several other 

proteomic analyses of mammalian retinas. 
21,30,33

 Furthermore, our results reflect what is 

known of rd10 progression as well as enabling identification of a new signaling pathway in 

this disease. In agreement with the described proteomic changes in retinal degeneration in the 

rd1 mutant, we found rod proteins downregulated and GFAP heavily upregulated at PN21 

and PN28. Altogether we could identify eight crystallins in our dataset, of which some were 

up- and some were down-regulated in the rd10 mutant, most of them without reaching 

significance (supplemental table 1). Furthermore we found COP9 homolog subunit 8 

significantly upregulated at PN28 (q<0.05) in agreement with previous data on the rd1 

mutant.
32

 Both recoverin and phosducin were significantly altered at PN28 (and even PN21 

for phosducin), as described before for the rd1 mutant. 
31,32

 

The window of relatively normal visual function in rd10 mice can be interpreted from our 

proteomic results. Significant differences in protein abundance and fold change are primarily 

apparent from PN21 onwards while levels at PN14 are similar to the wild-type, confirming 

that this is indeed a pre-degenerative timepoint. Hierarchical clustering and network analysis 

showed that downregulated proteins at PN21 and PN28 are primarily associated with 

phototransduction, which is consistent with the degenerative time course in rd10 mice, as 

peak rod degeneration occurs at PN21, and is fully complete at PN28.
10,13
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Interestingly Related RAS Viral (R-Ras) Oncogene Homolog (RRAS) was highly 

downregulated both at PN28 and PN21 with q-values of 0.006 and 0.085 respectively. 

Although considered an oncogene, RRAS protein expression in normal tissues is found on 

endothelium and differentiated smooth muscle cells.
34

 RRAS expression in the retina has not 

been thoroughly investigated but the association of RRAS with vascular tissues is in line with 

a previous study in which RRAS was identified via microarray as significantly altered in 

rodent models of retinal neovascularization.
35

 Loss of blood vessels following the onset of 

degeneration has been described to occur in rd10 mice,
36

 which is likely the reason for the 

decrease in RRAS abundance. 

Pathway analysis of differentially abundant proteins at PN21 produced a network of 

proteins that were upregulated at this degenerative timepoint and centered around 

transcription factors Signal Transducer and Activator of Transcription-1 (STAT1) and 

STAT3, and intermediate filament Glial Fibrillary Acidic Protein (GFAP). GFAP is a marker 

of gliosis and is upregulated in macroglial Müller cells in many retinal diseases including 

rd10.
7,11,13,20,29,37

 In this study, increased GFAP was detected at the protein and gene 

expression level from PN21, with labelled sections showing the characteristic increase in 

Müller cell processes. The role of gliosis in disease promotion or attenuation is contentious as 

the cells undergo significant changes, some of which can be neuroprotective or detrimental, 

such as the release of neurotrophic factors or formation of a glial scar.
38

 While the exact role 

of gliosis in retinal degeneration remains to be elucidated, a recent study found that IGF-1 

treatment in rd10 mice decreased Müller cell gliosis and photoreceptor death.
39

 Also 

increased at PN21 is phospholipase C, beta 4 (PLBC4), which is also linked to STAT1 and 

STAT3 and has a role in modulating visual response.
40

 

Our proteomic screen found increases in both STAT1 and STAT3 which was confirmed at 

the mRNA level for both proteins and via immunohistochemistry for STAT1. Although the 
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proteomics analysis does not allow for assignment of altered protein abundances to certain 

cell types within a complex tissue like the retina, immunohistochemistry of tissue sections 

allows for correlation of protein changes to individual tissue regions and cell types, like 

demonstrated here for altered STAT1 levels in Müller cells. 

Western blots not only confirmed the total protein changes, but also increases in STAT1 

and STAT3 phosphorylation, indicative of signaling activation. STAT3 signaling has been 

demonstrated to be neuroprotective to photoreceptors,
41

 post-photoreceptoral neurons,
42

 and 

the retinal pigment epithelium,
43

 and has therefore been much studied in the context of 

different models of retinal degeneration. The upregulation of STAT3 protein and associated 

genes were found to be increased in a mouse model of cone degeneration, particularly within 

Müller glia cells.
44

 Upregulation of STAT3 also occurred in a zebrafish model of light-

induced degeneration and shown to be required for Müller cell proliferation.
45

 In contrast, 

light damage in a mouse model showed only a slight change in STAT3 over time, although a 

strong increase in the active phosphorylated form (pSTAT3) occurred following light 

exposure.
46

 This same group examined STAT3 and pSTAT3 in rd10 mice, finding increased 

STAT3 gene expression and phosphorylation from PN21 to PN56.
13

 In contrast to our results, 

western blots for total STAT3 protein levels do not appear altered, however western blotting 

is not as sensitive and quantitative as mass spectrometry.
47

 

We have shown previously unreported increases in STAT1 gene expression, total protein, 

and phosphorylated protein levels in rd10 retina at PN21. Alterations in STAT1 in the 

degenerative retina have been less reported overall compared to STAT3. While total STAT1 

protein is reported as being elevated in rd1 retina compared to wild-type animals, pSTAT1 

levels were not altered.
46

 Experiments using ciliary neurotrophic factor (CNTF) stimulation 

have been conflicting with respect to STAT1 activation. Peterson et al. found intravitreal 

injections of the CNTF analog axokine into healthy Sprague-Dawley rats dramatically 
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increased total STAT1 but had a weak and delayed effect on pSTAT1 levels.
48

 Additionally, 

while light stimulation dramatically increased total STAT1 levels, pSTAT1 was only slightly 

affected 
48

. In comparison, continuous CNTF expression following viral insertion increased 

expression and phosphorylation of both STAT1 and STAT3 in mice with a slow retinal 

degeneration genotype.
49

 It is likely that the varying responses of STAT1 and STAT3 and 

their phosphorylated forms between degenerative models are due to differences in the 

mechanisms of damage and neuroprotection. 
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CONCLUSIONS 

In summary, this study demonstrates the viability of mass spectrometric analysis in the 

investigation of retinal degenerations. Our results indicate that there is a period where retinal 

protein abundances of rd10 mice are comparable to those found in wild-type mice, followed 

by a period of degeneration from the third week of life. Once degeneration begins, there is a 

massive decrease in proteins associated with transduction, reflective of the loss of 

photoreceptor cells, and a concomitant upregulation of signaling proteins. In particular, we 

confirmed the previously unreported upregulation of STAT1 through qPCR and 

immunofluorescence. These findings add to our understanding of protein alterations and 

signaling processes occurring in retinal degeneration. Furthermore our unique proteomic 

dataset provides useful information on the behavior of almost 3000 proteins during retinal 

degeneration and could serve as an information source for other scientists in vision research 

in future.  
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ABBREVIATIONS 

 

 

cAMP – Cyclic adenosine monophosphate 

cGMP – Cyclic guanine monophosphate 

CNGA1 – Cyclic nucleotide gated channel alpha 1 

CNGB1 – Cyclic nucleotide gated channel beta 1 

CNTF – Ciliary neurotrophic factor  

ERG – Electroretinogram  

FASP – Filter-aided sample preparation 

GBP2 – Guanylate binding protein 2, interferon-inducible 

GCL – Ganglion cell layer 

GePS – Genomatix pathway system 

GFAP – Glial fibrillary acidic protein 

LC – Liquid chromatography 

LC-MS/MS – Liquid chromatography tandem mass spectrometry 

MS – Mass spectrometry 

MVP - Major vault protein 

ONL – Outer nuclear layer 

PB – Phosphate buffer 

PDE6 – Rod-specific cGMP phosphodiesterase 
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PLBC4 - Phospholipase C, beta 4 

PN – Post-natal day 

rd1 – Retinal degeneration 1 

rd10 – Retinal degeneration 10 

ROM1 – Rod outer membrane 1 

RP – Retinitis pigmentosa 

RRAS - Related RAS Viral (R-Ras) Oncogene Homolog 

SLC24A1 - Solute carrier family 24 (Sodium/potassium/calcium exchanger), member 1 

STAT – Signal transducer and activator of transcription 

VCAM1 – Vascular cell adhesion molecule 1 
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FIGURE LEGENDS  

Figure 1. Vertical sections of wild-type and rd10 retina demonstrating decrease in 

photoreceptor number over time. At PN14, the size of the outer nuclear layer (ONL) in 

wild-type (A) and rd10 (B) retina is comparable. The size of the wild-type ONL is 

maintained at PN21 (C) and PN28 (E). In comparison, by PN21 the rd10 ONL (D) is 

approximately half the size of the age-matched wild-type, and has been reduced to a single 

layer of nuclei at PN28 (F). Abbreviations: ONL, outer nuclear layer; OPL, outer plexiform 

layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale 

bar = 50µm. 

 

Figure 2. Heatmap and tree of hierarchical cluster analysis of PN14, PN21 and PN28 

proteins. 

Proteins were clustered based on the respective fold change rd10/wildtype at each time point. 

The corresponding heatmap and hierarchical tree is given, with downregulated proteins 

presented in blue and upregulated proteins in yellow for the respective timepoints. Proteins in 

the individual clusters which were validated by immunofluorescence, qPCR and/or western 

blot are given in red. 

 

Figure 3. Interaction map of differentially abundant retinal proteins between wild-type 

and rd10 mice at P21 (q<0.05). Protein abbreviations are based on official gene symbols 

(NCBI Entrez Gene). Upregulated proteins are presented in yellow and downregulated 

proteins in blue. The nature of the proteins and the individual interactions is given in the 

legend. 
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Figure 4. Validation of deregulated protein expression. 

(A) GFAP immunoreactivity (green) is present only in the GCL in wild-type mice at PN21. 

Age-matched rd10 retina shows increased GFAP labelling in Müller cells extending into the 

ONL. Abbreviations: ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner 

nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar = 50µm. 

(B) STAT1 labelling is low in the wild-type retina at PN21, and increased in rd10 retina. At 

PN21, double labelling of rd10 retina with STAT1 (green) and glutamine synthetase (GS, 

red) indicates that STAT1 is increased in Müller cell processes, given by an overlay of green 

and red coloring resulting in yellow signals. This colocalisation is absent in the wild-type 

retina. Abbreviations: see (A), Scale bar = 50µm. 

(C) The rd10/wild-type expression level of genes from different clusters (see figure 2, Pde6b 

for cluster A, Slc24a1 for cluster B, Stat1 and Stat3, Mvp and Gfap for cluster E) was 

determined by RT-qPCR (gray; error bars represent SEM = standard error of the mean, n=2 

for Stat1, n=4 for all others) and compared to the respective proteomics data (yellow for 

upregulated proteins and blue for downregulated proteins). The corresponding primer 

sequences are given in supplemental table 5. 

(D) Western blot showing increases in the levels of STAT1, phospho-STAT1, STAT3, and 

phospho-STAT3 in comparison to the tubulin loading control in the rd10 retina.  
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FIGURES  

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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SUPPORTING INFORMATION 

Supplemental table 1: Normalized abundances of proteins identified and quantified by LC-

MS/MS, with corresponding ratios rd10/WT and significance values 

Supplemental table 2: Significantly altered proteins at PN14 with q-value<0.05 

Supplemental table 3: Significantly altered proteins at PN21 with q-value<0.05, with 

corresponding clusters in figure 2 

Supplemental table 4: Significantly altered proteins at PN28 with q-value<0.05 

Supplemental table 5 Primer sequences for qPCR 

Supplemental table 6: Molecular functions overrepresented with clusters A and B with 

p<0.005 

Supplemental table 7: Molecular functions overrepresented with cluster E with p<0.005 

 

Supplemental figure 1 Volcano plot of rd10 vs wildtype fold changes at PN14 (A, blue), 

PN21 (B, red), and PN28 (C, green), and the combination of all three time points (D). 

Protein fold changes are compared to the respective significance values. The negative log10 of 

the significance q-value is plotted against the log2 of the rd10/wild-type fold change. 
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