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ABSTRACT 

 

Calcium signalling is involved in many processes in mammalian retina, from 

development to mature functions and neurodegeneration. Although proteins involved in 

Ca2+ entry in retinal cells have been well studied, less is known about Ca2+-clearance. 

Among the Ca2+ pumps, plasma membrane Ca2+-ATPases (PMCAs) have been identified 

as key proteins extruding Ca2+ across the plasma membrane with specific distribution in 

developing and adult retina. However, the two main isoforms of intracellular Ca2+-

ATPases in the central nervous system, the sarco(endo)plasmic reticulum (ER) Ca2+-

ATPase 2b (SERCA2b) and the secretory pathway Ca2+-ATPase 1 (SPCA1), which 

remove cytosolic Ca2+ into intracellular stores, have been less or not at all analysed, 

respectively. In this study, we described for the first time the SPCA1 localisation in adult 

mouse retina and we report differential distributions of SERCA2b and SPCA1 

transporters within various classes of retinal neurons and distinct subcellular 

localisations. In addition, we studied the expression and localisation of both Ca2+ pumps 

in 661W cells, a cone photoreceptor-derived cell line. Since continuous exposure to high 

light intensity induces photodegeneration, we analysed the effect of LED light exposure 

on these cells and SERCA2b and SPCA1 distribution. We found that continuous mild 

LED-light exposure compromised cell survival and produced stress in the ER and Golgi, 

the Ca2+ stores where the two pumps are localised. These effects were reversed after 

halting light exposure and washing. This study demonstrates that Ca2+ signalling may be 

involved in light-induced photoreceptor cell damage and points to previously 

unrecognised functions of intracellular Ca2+-ATPases in retina physiology. 
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1. INTRODUCTION 

 

Excessive [Ca2+]c has been related to retinal degenerative disorders [1], via over-

activation of proteases such as calpain or caspases [2, 3] or increased stress in the 

endoplasmic reticulum (ER), the main intracellular Ca2+ store [4]. Many retinopathies 

such as macular degeneration are age-associated pathologies that cause blindness in the 

elderly [5]. Irrespective of age, people spend nowadays much more time in front of bright 

light emitted by the screen of electronic devices or are exposed to light emitting diode 

(LED) lights that are replacing conventional lights, which has been correlated with visual 

problems. Particularly, LED light emits large amounts of short wavelength and high-

energy blue light that is harmful to cone photoreceptors [6, 7]. However, the underlying 

processes at the subcellular level, such as the Ca2+ signalling events that are involved in 

cellular damage of retinal cells, remain poorly studied. 

The retina is a specialised tissue mainly formed by several layers of neurons 

interconnected by synapses. It converts incoming photons into action potentials that the 

visual cortex in the brain processes into three-dimensional images. Basically, six major 

neuronal cell types constitute the retina: Rods and cones photoreceptors are the light-

sensitive cells, whose somata are located in the outer nuclear layer (ONL) of the retina 

and which form synapses with bipolar cells at the outer plexiform layer (OPL). Horizontal 

and amacrine neurons help to integrate and modulate this synaptic input. Both cell types, 

together with the bipolar cells, form the inner nuclear layer (INL). The bipolar cells 

contact the ganglion cells in the ganglion cell layer (GCL) and amacrine cells within the 

inner plexiform layer (IPL). Finally, the excitation of the ganglion cells, the sole output 

neurons of the retina, is transmitted via their axons, which constitute the optic nerve, and, 

thus propagate visual stimuli from the retina to the brain [8]. 

While Ca2+ entry-related proteins in retinal neurons have been studied in more detail [9-

12] less is known about Ca2+ clearance mechanisms. Several Ca2+ transporters have been 

studied in the mammalian retina, mainly belonging to the plasma membrane Ca2+-ATPase 

(PMCA) family. PMCA isoforms are key proteins extruding Ca2+ across the plasma 

membrane that present cell-type specific isoform distribution in adult and developing 

mammalian retina [13, 14]. In fact, alterations in the PMCA-mediated Ca2+ efflux have 

been related to photoreceptor cell death [15]. However, two other families of intracellular 

Ca2+-ATPases that pump cytosolic Ca2+ to intracellular stores have been described in 
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mammalian cells: the sarco(endo)plasmic reticulum Ca2+-transport ATPase (SERCA) and 

the secretory pathway Ca2+-transport ATPase (SPCA). These transporters pump Ca2+ ions 

into the ER or into the trans-Golgi and vesicles of the secretory pathway, respectively 

(reviewed in [16, 17]). Whereas the presence of SERCA within the retina has been 

described earlier [18, 19], the expression and localisation of SPCA has not yet been 

studied in retinal cells. 

In this work, we have analysed and compared the distribution of SERCA2b and SPCA1, 

the two most abundant isoforms of these transporters in the central nervous system, in the 

adult mouse retina. In particular, we focused on photoreceptors and performed in vitro 

experiments in the cone-derived 661W cell line to study the effect of light induced-

photodegeneration on the cellular compartments where SERCA2b and SPCA1 pumps are 

localised.   
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2. MATERIAL AND METHODS 

 

2.1 Animal and tissue preparation 

Adult (3-months old) C57BL/6 mice or adult quails were obtained from the Animal 

Facility Service of the Scientific Instrumentation Centre from University of Granada. 

Animals were anaesthetized and perfused with 4% (w/v) paraformaldehyde in phosphate-

buffered saline solution (PBS). All procedures were in accordance with the policies on 

the use of animals in research at the University of Granada. The eyeballs were isolated 

and postfixed by immersion in the same fixing solution for 24 h at 4°C. After rinse with 

PBS, tissue was cryo-protected in 10% (w/v) sucrose in PBS for 2 days, and then 

embedded in 10% (w/v) gelatine, 10% (w/v) sucrose in PBS. The blocks were frozen for 

2 min in isopentane cooled at −60°C and stored at −80°C. Serial para-sagittal sections of 

20 μm were obtained in a Leica CM1900 cryostat, collected on Super-Frost Plus slides, 

and conserved at −20ºC until use. 

 

2.2 Immunohistochemistry 

Cryostat sections were permeabilized by immersion in PBS-0.05% (v/v) Triton X-100 

(PBS-T) for 15 min and blocked in a solution containing 0.2% (w/v) gelatin, 0.25% (v/v) 

Triton X-100 in PBS (PBS-G-T) and 0.1 M lysine for 1 h. Afterwards, sections were 

incubated overnight at room temperature in a humidified chamber with the polyclonal 

rabbit anti-SERCA2b antibody (1:500, [20]), the polyclonal rabbit anti-SPCA1 antibody 

(1:500, [21]), the lectin peanut agglutinin-FITC (1:500, Sigma-Aldrich, Cat No. L7381) 

or the monoclonal mouse cis-Golgi marker GM130 (1:500, BD Biosciences, Cat. No. 

610822) diluted in PBS-G-T. Subsequently, sections were washed in PBS-T and 

incubated either with Alexa 594 goat anti-rabbit or with Alexa 488 goat anti-mouse 

secondary antibodies (Thermo Fisher Scientific, Cat. No. A11001 and A11012, 

respectively), both diluted 1:500 in PBS-G-T. Nuclei were stained with DAPI (10 µg/ml). 

Then, sections were covered with FluorSave medium (Calbiochem) and analysed using a 

Zeiss Axiophot fluorescence microscope with an Axiocam 506 color camera and the ZEN 

2.3 Lite Software. Negative controls were performed for every set of experiments by 

omitting the primary antibodies from the procedure.  

 

2.3 Cell culture 
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The murine photoreceptor-derived 661W cell line was a kind gift from Dr. Muayyad Al-

Ubaidi (University of Oklahoma Health Sciences Center, Oklahoma City, OK). This cell 

line was previously characterised as a cone photoreceptor-cell linage [22]. Cells were 

maintained as adherent cultured monolayer in DMEM with 10% fetal bovine serum, L-

glutamine 2 mM, streptomycin (100 μg/ml) and penicillin (100 U/ml), and incubated in a 

humidified atmosphere with 5% CO2 at 37º C. Cells were seeded at a density of 2 x 106 

cells per p100 plate, 10000 cells in 12 mm round-glass coverslips or 50000 cell per well 

in 96-well plates for Western blotting, immunocytochemistry and cell viability 

experiments, respectively. 

 

2.4 Western Blotting 

Mouse brain, mouse retina or 661W cells, previously washed in PBS and collected with 

a scraper, were used for membrane extract preparation following the protocol described 

in [23]. The protein content was evaluated by the Bio-Rad Protein Assay using bovine 

serum albumin (BSA) as protein standard. For Western blotting, 10 µg of membrane 

extracts were electrophoresed in 7.5% (w/v) SDS-polyacrylamide gels and transferred to 

polyvinylidene difluoride (PVDF) membranes using a Trans-Blot SD semidry system 

(Bio-Rad). After blocking in Tris-buffered saline (TBS) containing 5% (w/v) of non-fat 

dry milk and 0.3% Tween 20 for 1 h, immunological reactions were performed by 

incubating the PVDF membranes for 3 h at room temperature with the following primary 

antibodies diluted in TBS-1% (v/v) Tween 20: anti-SERCA2b (1:1000), anti-SPCA1 

(1:1000), and the monoclonal mouse anti-β-actin (1:3000, Sigma-Aldrich, Cat. No. 

A5441) as loading control. Afterwards, PVDF membranes were incubated for 1 h at room 

temperature with peroxidase-conjugated goat anti-rabbit or goat anti-mouse secondary 

antibodies (1:5000, Sigma-Aldrich, Cat. No. A9169, A3682, respectively) and revealed 

with ECL substrate (Millipore) using a ChemiDoc-It (UVP) and VisionWorks LS 

software. 

 

2.5 Immunocytochemistry in cultured cells 

661W cells were fixed with 4% paraformaldehyde in PBS for 20 min, permeabilized with 

0.2% (v/v) Triton X100 in PBS and blocked with 3% BSA in PBS for 1 h. Subcellular 

localisation of proteins were done by incubation with the anti-SERCA2b (1:500), the anti-

SPCA1 (1:500), the anti-GM130 (1:500) or the monoclonal mouse anti-β tubulin primary 

antibodies (1:500, Sigma-Aldrich, Cat. No. T4026) diluted in the blocking solution for 1 
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h. Fluorescence labelling was obtained using secondary antibodies Alexa594 goat anti-

rabbit and Alexa488 goat anti-mouse (1:2000) and DAPI for nuclei staining. Images were 

captured with the Zeiss Axiophot fluorescent microscope. 

 

2.6 Photodegeneration assay 

661W cells were seeded and incubated for 24 h in a humidified atmosphere of 5% CO2 at 

37ºC. The medium was replaced with media containing 1% FBS and returned to the 

incubator for 1 h before exposure to 1000 lux of light emitting diode-derived (LED) blue 

light for 24 h. The intensity of the emitted light was controlled by a luxometer HD9021 

Delta Ohm SRL. Control cells were incubated in the same incubator in darkness by 

covering with aluminium foil. Cells stocks were not exposed to direct light at any time 

during passaging and feeding, nor were they maintained in any light–dark cycles.  

 

2.7 Quantification of apoptotic cells 

Cells were fixed and stained with DAPI for nuclear staining. Apoptotic cells were 

morphologically identified by their condensed chromatin and nucleus, which is smaller 

than the one of non-apoptotic cells. 

 

2.8 MTT assay 

Cell viability was determined by using 100 µg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) in PBS for 3 h at 37ºC in the incubator. 

Metabolically active cells reduced MTT to a formazan precipitate, which was solubilized 

in DMSO and quantified spectrophotometrically at 595 nm in a Multiskan Ascent 

microplate reader (Thermofisher). The percentage of viable cells was calculated 

considering that control cells in darkness were 100% viable. 

 

2.9 Data processing and statistical analysis 

Data were processed and analysed with the SigmaPlot v10 software (SPSS Inc, Chicago, 

IL) and presented as mean±S.E.M. Statistical comparisons were determined by unpaired 

Student´s t-test. Statistical significance was accepted when the p value was ≤0.05. 
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3. RESULTS 

 

3.1 Expression and distribution of SERCA2b and SPCA1 in the adult retina 

We analysed the distribution of intracellular Ca2+ pumps in cryostat sections of mouse 

retina by immunohistochemistry with the specific anti-SERCA2b and anti-SPCA1 

antibodies. We observed a differential distribution of both pumps in retinal cell types and 

subcellular compartments (Fig. 1). SERCA2b was highly expressed in the outer segment 

of, presumably, cone photoreceptors. Weaker SERCA2b positive signals were also found 

in the myoid zone of inner segments and in the soma of all photoreceptors, located in the 

ONL. The SERCA2b antibody also labelled round cell bodies in the entire thickness of 

the INL and thin radial processes that emerge from these somata to the OPL and IPL, that 

morphologically resemble somata and axons of bipolar cells. On the other hand, SPCA1 

showed strong immunoreaction in the inner segments of photoreceptors. In addition, a 

strong punctate staining appeared at the borders of the INL where the somata of horizontal 

and amacrine cells are localised, while a weak labelling appears in a few cells in the 

middle region. Ganglion cells expressed both intracellular Ca2+-ATPases in the cell soma, 

although differences in the number of stained cells between both antibodies were found 

that could be due to the staining of different sets of retinal ganglion cells. Both plexiform 

layers were negative to immunostainings.  

The anti-SERCA2b ER immunoreaction in the outer segment of cones was confirmed by 

staining with the peanut agglutinin lectin, a marker of cone photoreceptors that stains their 

plasma membrane [24] (Fig. 2A). We also performed double labelling with the Golgi 

marker GM130 and SPCA1 to determine its intracellular localisation (Fig. 2B). A 

colocalisation of both proteins in the Golgi apparatus of horizontal and amacrine cells 

was detected, although a small shift between both immunoreactions was observed 

representing cis- and trans-Golgi localisation, respectively. 

Since the mouse is a nocturnal animal, with smaller number of cones than diurnal species, 

we also analysed the distribution of the intracellular Ca2+ pumps in the cone-enriched 

photoreceptor layer of the quail retina (Fig. 3). Both SERCA2b and SPCA1 showed 

similar staining as in the mouse, and, accordingly, SERCA2b was highly expressed in 

more outer segments in the quail retina.  

 

3.2 Expression of SERCA2b and SPCA1 in 661W cells, a mouse cone photoreceptor-

cell line 
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We turned to the murine cone photoreceptor-derived 661W cell line to further study the 

expression and subcellular localisation of the intracellular Ca2+ pumps SERCA2b and 

SPCA1. These cells show cellular and biochemical characteristics of cone photoreceptor 

cells [22]. First, we performed Western blot assays using protein extracts prepared from 

adult mouse retina, from 661W-cultured cells, and from adult mouse brain as a positive 

control with a high expression of SERCA2b and SPCA1 [25]. Results showed specific 

immunoreactions of SERCA2b (110 kDa) and SPCA1 (100 kDa) in the three analysed 

extracts (Fig. 4). 

Via immunocytochemistry we analysed the subcellular distribution of both proteins in 

661W cells using the same SERCA2b and SPCA1 antibodies in comparison to β-tubulin 

staining to visualise cell morphology (Fig. 5). We found SERCA2b spread from the 

perinuclear region throughout the cytoplasm in line with an ER localisation (Fig. 5A), 

whereas the SPCA1 pump was located in the juxtanuclear region at the Golgi apparatus, 

as confirmed by the Golgi marker GM130 (Fig. 5B). 

 

3.3 Light-induced photodegeneration on 661W cells causes alterations in Ca2+ stores 

Intense bright light exposure has been linked to retina pathologies and 661W cells are 

considered as a good in vitro model to study light-induced damage of photoreceptors [26, 

27]. We here analysed if the Ca2+ stores of 661W cells containing the SERCA and SPCA 

Ca2+ transporters are affected by light-induced photodegeneration. We selected a mild 

light intensity with prolonged exposure to study early events in the subcellular 

compartments that can promote photoreceptor cell death. Additionally, we used reduced 

serum culture conditions that make cells much more susceptible to light stress [26]. Thus, 

661W cells were exposed to 1000 lux of light-emitting diode (LED) for 24 h while control 

cells were kept in darkness. The LED light emission spectrum exhibited a main peak in 

the blue wavelengths (Fig. 6A). Blue LED light exposure induced changes in the 661W 

cellular morphology, with many cells rounded up and with apoptotic appearance (Fig. 

6B). The number of apoptotic cells were significantly increased by light overexposure 

compared to controls (Fig. 6C). We also analysed the LED light effect on the subcellular 

distribution of SERCA2b and SPCA1 Ca2+ pumps. Cells exposed to LED light and 

immunostained with the SERCA2b antibody revealed two populations: cells showing 

normal integrity with some ER structural rearrangements, and other cells with a rounded 

morphology marked by condensed nuclear chromatin and a perinuclear aggregation of 

the SERCA2b-ER staining (Fig. 6D, E). Remarkably, the SPCA1 immunoreaction in 
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LED-exposed cells revealed the Golgi apparatus as a more susceptible Ca2+ store to light 

stress, since all cells with healthy nuclei lost the juxtanuclear Golgi-localisation, which 

appeared to be fragmented into smaller Golgi-derived stacks (Fig. 6D, E). Cells identified 

as apoptotic cells by their more condensed chromatin also showed condensed SPCA1-

Golgi staining (Fig. 6E). 

Since Golgi fragmentation is currently considered as an early symptom of 

neurodegeneration [28] that could be reversible at early stages [29], we here investigated 

the possibility of cell recovery from the photodegenerative insult (Fig. 7). Thus, after 

photodegeneration with 1000 lux of blue LED light for 24 h, cells were further incubated 

for additional 24 h in darkness. Alternatively, we also analysed the effect of replacement 

of the medium by fresh medium after the light exposure and a further incubation step for 

24 h in darkness (Fig. 7A). Then, we determined cell viability of the cultures by MTT 

assays (Fig. 7B). While photodegeneration induced a reduction of cell viability to 61±2% 

compared to controls, a further 24 h of incubation in darkness did not rescue the cells. 

However, replacing the medium after the light insult and a further 24h-incubation in 

darkness halted the LED-induced cytotoxicity and allowed the culture to recover and even 

grow (117±9% after 24h recovery vs 61±2% after insult). Bright field images 

corroborated this recovery (Fig.7C). Immunocytochemistry with the anti-SERCA2b (Fig. 

8A) and the anti-SPCA1 and anti-GM130 (Fig. 8B) antibodies after the recovery 

treatment also revealed a reestablishment of the organellar integrity of the intracellular 

Ca2+ stores where both Ca2+ pumps are located.  
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4. DISCUSSION 

 

We report here for the first time the cellular and subcellular distribution of the SPCA1 

Golgi Ca2+ pump in the adult mouse retina and we compare this with the ER Ca2+ pump 

SERCA2b. Both transporters were differentially distributed within various classes of 

retinal neurons and presented distinct subcellular localisations (Fig. 8), highlighting that 

functionally highly diverse populations of cells in the mouse retina most likely rely on 

different Ca2+ extrusion mechanisms. Besides SERCA and SPCA, the plasma membrane 

Ca2+ pump PMCA has been previously studied in retinal cells and presents a specific-

isoform distribution in mouse retina [13], where photoreceptors selectively express 

PMCA1 and bipolar cells PMCA 1 and 2, while horizontal, amacrine and ganglion cells 

express PMCA2 and PMCA3. PMCA4 was highly expressed in plexiform layers 

consistent with its usual presence in synaptic terminals [30, 31]. Interestingly, SERCA2b 

and SPCA1 were not significantly detected in plexiform layers indicating their 

involvement in Ca2+ clearance in other subcellular areas that are not associated with 

synaptic transmission. 

Noteworthy, the immunostaining patterns of SERCA2b we observed in mouse retina 

differed from earlier reports of amphibian [19], rat, squirrel [18] as well as mouse retina 

[18], presumably due to the use of general SERCA2 antibodies that recognize a and b 

splice variants in the earlier studies [18]. Several differences among species have been 

also reported with respect to the PMCA isoform localisation [13, 14, 19]. Overall, this 

suggests specific contributions to Ca2+ signalling among vertebrate visual systems. 

Our findings that both SERCA2b and SPCA1 Ca2+ pumps label photoreceptors is not 

surprising since [Ca2+]c plays a critical role in photoreceptor light adaptation [32] that 

even differs in rods and cones [33-35]. This is reflected by the differential expression of 

SERCA2b that we found in the outer segment of both photoreceptor types. Furthermore, 

Ca2+ signalling is atypical in photoreceptors, since [Ca2+]c levels of resting cells in 

darkness is high [36], whereas light exposure induces a decrease of [Ca2+]c that is 

proportional to the intensity of the background light [34]. The degree of lowered [Ca2+]c 

depends on Ca2+ extrusion systems, which may involve the combined action of PMCA, 

SERCA and SPCA Ca2+ pumps. Thus, SERCA and SPCA in photoreceptors would 

transport Ca2+ into the ER and Golgi Ca2+ stores that can act either as sources or sinks of 

Ca2+.   
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Interestingly, photoreceptors contain a continuous and dynamic ER cisternae network that 

extends from the inner segment to the perikaryon, which corresponds well with the 

SERCA2b localisation we observed. In fact, the highest Ca2+ concentration in 

photoreceptors is contained in the ER lumen [37], which suggests that the ER may 

represent the main site for dynamic control of cellular Ca2+ signal transductions. 

However, there is no a clear ER network in the outer segment of cones [38] where we 

also detected high SERCA2b expression, which appears controversial. Nevertheless, 

SERCA expression has been observed in the outer segments of cones in amphibia [19], 

and the inositol 1,4,5-triphosphate receptor, which releases Ca2+ from the ER store, has 

been detected in the outer segment of mammalian cones [39], supporting the presence of 

ER cisternae in that region.  

In turn, the SPCA1 pump was present in Golgi cisternae of the inner segment of all 

photoreceptors, but also in the cell bodies of amacrine and horizontal cells, which are 

interneurons that modulate light-induced signals from photoreceptors. Although the Golgi 

apparatus does not store as much Ca2+ as the ER, a tight Ca2+ control within the Golgi is 

critical for neural polarity [40]. Photoreceptors are cells with a high and rapid turnover of 

phototransduction proteins, such as opsin and rhodopsin [41, 42]. This relies on the 

intracellular trafficking from the inner segment, the site of synthesis, to the outer segment, 

the site of phototransduction, and defects on this Golgi-dependent trafficking may lead to 

degeneration of photoreceptors. 

Alterations or damage in the retina causes vision loss or even blindness. Increasing 

evidence shows that continuous exposure to short wavelength (blue) light leads to retinal 

cell damage [27]. Therefore, long-term exposure to light becomes a risk factor, especially 

in age-related macular degeneration, where cones are highly affected [43]. Apoptosis of 

photoreceptors in retinal degenerative disorders is well documented, but the molecular 

mechanisms are not well understood. It has been proposed that the photoreceptor cell 

death can be promoted by oxidative stress induced by reactive oxygen species (ROS), 

which was more increased by shorter than by longer wavelength light exposure [44]. In 

addition, ROS levels increase after LED light exposure in cone-derived 661W cells 

caused by the aggregation of S-opsin, which absorbs short wave-length light, as well as 

by ER stress [45]. The SERCA2b immunostaining in 661W cells also indicated signs of 

ER stress in our light-exposure experiments. Excessive ER stress leads to the release of 

Ca2+ from the ER lumen and induces mitochondrial Ca2+ accumulation, which, beyond a 

critical threshold, is one of the strongest inducers of the proapoptotic mitochondrial 
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membrane permeabilization, stimulating ROS production, release of cytochrome c and 

triggering cell death. Therefore, maintenance of ER Ca2+ homeostasis is vital in sustaining 

cellular functions during cellular stress [46], serving as a system to control pathologically 

high or low [Ca2+]
c. 

The LED-induced photodegeneration also disrupted the Golgi apparatus. Golgi 

fragmentation is found in many cell types, especially from the central nervous system, 

emerging as an early indicator of cell damage or death [28, 47], since Golgi fragmentation 

appears before strong ER stress and mitochondrial dysfunction. Although there are 

different types of Golgi fragmentation, they usually affect the main functions of the Golgi 

apparatus in protein secretion and modification as well as removal of excess Ca2+ from 

the cytoplasm. Thus, LED-induced Golgi fragmentation and segregation of the SPCA1 

transporter in 661W cells may contribute to the effect on photodegeneration. Also, in a 

mouse deficient in the chaperone Hsp90α, which is related to retinitis pigmentosa, i.e. a 

disease leading to blindness, the Golgi apparatus is disrupted and impaired vesicle 

trafficking causes deformation of the outer segments of photoreceptors [48].  

Golgi fragmentation appears as an early symptom of cell damage, which opens up 

strategies for recovery, since cell death programs have not yet been fully executed. We 

observed how the Golgi and ER integrity recovered after halting the exposure to 1000 

lux-LED light for 24 h, a mild non-acute trigger. A similar recovery of Golgi integrity 

has been found in other cells after halting toxic treatments in early stages [29]. However, 

in the experiments described herein, the replacement of the culture medium with fresh 

medium was required for effective recovery, pointing out to a release of toxic molecules 

during the light exposure that contribute to photodegeneration. 

In conclusion, our work highlights the intracellular Ca2+ transporters SPCA1 and 

SERCA2b in cell type-specific and spatially restricted systems for Ca2+ extrusion in the 

mouse retina. These Ca2+ pumps are responsible for Ca2+ sequestration into intracellular 

Ca2+ stores that may play a crucial role in the mechanisms underlying LED-light-induced 

cone damage, which is marked by ER stress and Golgi fragmentation and may 

compromise cell viability. A better understanding of the origin and reversibility of this 

organelle stress may open possibilities for therapies that halt photodegeneration.  
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FIGURE LEGENDS 

 

Figure 1 Localisation of SERCA2b and SPCA1 in the adult mouse retina. A. 

Immunofluorescence with anti-SERCA2b and anti-SPCA1 antibodies in mouse retina. 

Both proteins were expressed in photoreceptors. The SERCA2b (red, left panels) was 

highly expressed in outer segments (OS, short arrows), inner segments (IS, arrowheads) 

and somata (arrowheads in outer nuclear layer, ONL) of photoreceptors. SERCA2b was 

also found in the somata (arrowheads in inner nuclear layer, INL) and axons (large 

arrows) of cells in the INL corresponding to bipolar cells. The SPCA1 (red, right panels) 

was located in photoreceptor inner segments (arrowheads in IS) and in the somata of cells 

at the upper and lower border of the INL (arrowheads), where horizontal and amacrine 

cells are located. Ganglion cells expressed both intracellular Ca2+ pumps (asterisks), while 

plexiform layers were not immunolabelled. DAPI staining was used to visualise nuclei 

(blue) and to identify the nuclear layers of the retina. Scale bar: 20 µm. B. Schematic 

representation of the SERCA2b and SPCA1 localisation in the adult mouse retina. Neural 

cells are shaded in grey and SERCA2b and SPCA1 localisations are coloured in red and 

green, respectively. OPL, outer plexiform layer; IPL, inner plexiform layer; GCL, 

ganglion cell layer; r, rods; c, cones; hc, horizontal cells; bc, bipolar cells; ac, amacrine 

cell; gc, ganglion cells. 

 

Figure 2 Localisation of SERCA2b in cone photoreceptors and of SPCA1 in 

horizontal and amacrine cells. A. Immunofluorescence with the anti-SERCA2b 

antibody (red) and co-staining with the cone photoreceptor marker peanut agglutinin 

lectin-FITC (green). Merged images showed the expression of SERCA2b staining in the 

cone outer segment. B. Double immunofluorescence of the anti-SPCA1 (red) antibody 

and the cis-Golgi marker GM130 (green) showing their colocalisation in the Golgi 

apparatus of horizontal cells (hc, short arrows) and amacrine cells (ac, arrowheads). DAPI 

staining was used to visualise the nuclei (blue). Regions in white boxes are shown in the 

insets with a higher magnification. OS/IS, outer segment and inner segment of 

photoreceptors; ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform 

layer. Scale bar: 10 µm. 

 

Figure 3 Localisation of SERCA2b (A) and SPCA1 (B) in cone-enriched 

photoreceptor layer of the quail retina. SERCA2b was highly expressed in the outer 
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segment (arrows) of cone photoreceptors in the quail retina, that exhibited a high density 

of cones compared to mouse retina. Both SERCA2b and SPCA1 were also found in the 

inner segment of photoreceptors (arrowheads). DAPI staining was used to visualise 

nuclei. OS/IS, outer segment and inner segment of photoreceptors; ONL, outer nuclear 

layer. Scale bar: 20 µm. 

 

Figure 4 Expression of SERCA2b and SPCA1 in mouse brain, mouse retina and in 

the mouse cone photoreceptor-derived 661W cells. Western blot assays showed 

specific immunoreactions of SERCA2b and SPCA1 in membrane extracts prepared from 

retina and 661W cells. Brain extracts were used as positive control for SERCA2b and 

SPCA1 expression, and β-actin as loading control.  

 

Figure 5 Subcellular localisation of SERCA2b and SPCA1 in 661W cells. A. Double 

immunocytochemistry using the anti-SERCA2b antibody (red) to determine its 

subcellular localisation and the anti-β-tubulin antibody (green) to visualise cell 

morphology. SERCA2b was detected at the ER. B. Double immunofluorescence with the 

anti-SPCA1 (red) and the cis-Golgi marker GM130 (green) antibodies, showing Golgi 

localisation. DAPI staining (blue) was used to visualise nuclei. Scale bar: 10 µm. 

 

Figure 6 Light-induced cell death in 661W cells. A. Spectrum of the LED light used in 

the photodegeneration experiments. A prominent peak around 450 nm corresponding to 

blue light is shown. B. Bright-field microscopy images of 661W cells exposed to 1000 

lux of blue LED light for 24 h and control cells kept in darkness. Light-stressed cells 

showed a markedly round shape compared to control cells (magnifications are shown in 

insets). C. Quantification of apoptotic cells based on chromatin condensation in control 

and light-exposed cultures. Data are media ± SEM of four experiments in triplicates (*, 

p≤0.05). D. Immunoreactions with SERCA2b and SPCA1 antibodies in light-exposed 

661W cells. LED light exposure induced a mild effect on the culture, with cells showing 

a strong condensated SERCA2b immunostaining into a round cell with apoptotic 

appearance after treatment (arrowheads) while other cells seemed to be less affected 

(arrows). However, a strong Golgi fragmentation (arrows) was observed by SPCA1 

immunoreaction in LED-light overexposed cells compared to controls. E, F. 

Magnifications of LED-light overexposed cells stained with anti-SERCA2b (E) or anti-

SPCA1 (F) antibodies (red) and DAPI to visualise nuclei (blue). Cells with healthy nuclei 
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showed structural rearrangements in the ER (E, arrow) and Golgi fragmentation (F, 

arrow), while apoptotic cells identified by condensed chromatin in the DAPI staining 

showed aggregation of the SERCA (E, arrowhead) and SPCA1 (F, arrowhead) 

immunostaining. Scale bars: B, 100 µm; D, 25 µm; F, 10 µm. 

 

Figure 7 Cell recovery from the photodegenerative insult. A. The scheme represents 

experimental steps and incubation times to induce and halt LED light-induced 

photodegeneration. Cell media was replaced by 1% FBS-containing medium for 1 h and 

then cells were incubated in darkness (Ctr) or exposed to 1000 lux (LED light) for 24 h. 

In another condition, cells were further incubated for additional 24 h in darkness (Ctr + 

Darkness, and LED light + Darkness). Alternatively, cell medium was replaced by fresh 

medium after the insult and further incubated 24 h in darkness (Ctr + Wash + Darkness, 

and LED light + Wash + Darkness). B. Cell survival was scored by MTT assays after 

each experimental condition. Data are mean ± SEM (*, p≤0.001, comparing with Ctr; #, 

p≤0.001, comparing with LED light-exposed condition). C. Bright-field microscopy 

images of 661W cells in the four experimental conditions. Scale bar: 50 µm. 

 

Figure 8 Integrity of Ca2+ stores can be recovered from the mild photodegenerative 

insult. A. Double immunofluorescence of anti-SERCA2b (red) and β-tubulin (green) 

after photodegeneration (LED light) or after cell recovery including washing with fresh 

medium and additional 24 h of incubation in darkness (LED light + recovery). Cells with 

condensed SERCA2b immunoreaction (arrowheads) were found only after LED light 

exposure. Surviving cells after the insult and after recovery exhibit an almost normal 

SERCA2b localisation with normal ER distribution throughout the cytoplasm (arrow). E. 

B. Double immunofluorescence with anti-SPCA1 (red) and GM130 (green) in similar 

experiments as A. While all cells showed Golgi fragmentation (arrowheads) after the light 

exposure, almost all cells recovered the normal Golgi apparatus appearance and the 

SPCA1 immunoreaction (arrow). Nuclei were visualised by DAPI staining (blue). Scale 

bars: 25 µm. 
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