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Abstract

GPR75 is an orphan G protein-coupled receptor for which there is currently limited information 

and its function in physiology and disease is only recently beginning to emerge. This orphan 

receptor is expressed in the retina but its function in the eye is unknown. The earliest studies 

on GPR75 were conducted in the retina, where the receptor was first identified and cloned and 

mutations in the receptor were identified as a possible contributor to retinal degenerative disease. 

Despite these sporadic reports, the function of GPR75 in the retina and in retinal disease has 

yet to be explored. To assess whether GPR75 has a functional role in the retina, the retina of 

Gpr75 knockout mice was characterized. Knockout mice displayed a mild progressive retinal 

degeneration, which was accompanied by oxidative stress. The degeneration was because of the 

loss of both M-cone and S-cone photoreceptor cells. Housing mice under constant dark conditions 

reduced oxidative stress but did not prevent cone photoreceptor cell loss, indicating that oxidative 

stress is not a primary cause of the observed retinal degeneration. Studies here demonstrate an 

important role for GPR75 in maintaining the health of cone photoreceptor cells and that Gpr75 
knockout mice can be used as a model to study cone photoreceptor cell loss.
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1 | INTRODUCTION

GPR75 belongs to the G protein-coupled receptor (GPCR) family of membrane-spanning 

receptors. GPCRs are one of largest class of proteins and one of the largest class of 

therapeutic targets for drugs currently on the market (Sriram & Insel, 2018). A large fraction 

of GPCRs are orphan receptors without a known endogenous ligand and defined function 

(Laschet et al., 2018; Ngo et al., 2016). Thus, there is a considerably greater potential to 

target GPCRs in disease by determining the pharmacology and function of these orphan 

receptors. GPR75 was considered to be an orphan receptor, and little was known about 

its function (Davenport et al., 2013). GPR75 has recently been identified as the receptor 

for 20-hydroxyeicosatetraenoic acid (20-HETE; Garcia et al., 2017; Pascale et al., 2021). 

RANTES/CCL5 is also proposed to be a ligand for GPR75 (Dedoni et al., 2018; Ignatov 

et al., 2006; Pascale et al., 2021). Potential functional roles for GPR75 have been proposed 

based largely on inferences from in vitro cell culture studies. These studies have suggested 

possible roles for GPR75 in neuroprotection, in the function of the vasculature, diabetes, 

and promotion of prostate cancer metastasis (Cardenas et al., 2020; Garcia et al., 2017; 

Ignatov et al., 2006; Liu et al., 2013). Knockout mouse models have proven to be useful 

in determining the physiological or pathophysiological function of orphan GPCRs (Laschet 

et al., 2018; Ngo et al., 2016). Studies on Gpr75 knockout mice have only recently begun 

to emerge and point to roles for GPR75 in obesity and hippocampal activity (Akbari et al., 

2021; Hossain et al., 2023; Powell et al., 2022; Speidell et al., 2023).

The initial discovery and cloning of GPR75 came from examination of the Doyne’s 

honeycomb retinal dystrophy locus in attempts to identify the causative gene for the disease 

(Tarttelin et al., 1999). Sequencing of DNA within this region revealed a novel GPCR, 540 

amino acid residues in size. Although no causative mutations were found within the coding 

region for GPR75 in patients with Doyne’s honeycomb retinal dystrophy, Gpr75 transcripts 

were found to be localized within the retina. GPR75 was later independently identified and 

cloned in a study examining EST clusters derived from retinal cDNA libraries to target 

potential genes linked to age-related macular degeneration (AMD; Sauer et al., 2001), a 

retinal degenerative disorder and the leading cause of vision loss in the elderly currently 

without a cure (Gehrs et al., 2006). The retina expresses Gpr75 transcripts at one of the 

highest levels in the human body, second only to the brain (proteinatlas.org; Sauer et al., 

2001; Uhlen et al., 2015). Although GPR75 was first discovered and cloned from human 

retina cDNA libraries and is highly expressed in the retina, its function in the retina remains 

unknown and has yet to be explored in this tissue.

Dysfunction in GPR75 as a contributor to retinal disease is suggested by a genetic study 

of patients with AMD. Five different point mutations in Gpr75 were identified in patients 

with AMD that were not detected in control patients (Sauer et al., 2001), thereby suggesting 

that defects in GPR75 may contribute to some pathological aspects of this age-related retinal 

degenerative disease. Although subsequent genetic studies have not yet confirmed a linkage 

between GPR75 and AMD, the possibility of GPR75 dysfunction being a contributor to 

retinal disease should be explored. GPR75 has been demonstrated to exhibit neuroprotective 

properties in cultured brain cells (Ignatov et al., 2006), and may therefore exert similar 

effects in neuronal cells of the retina. In the current study, a Gpr75 knockout (Gpr75−/−) 
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mouse was characterized to determine if there is a phenotype in the retina. If GPR75 plays a 

neuroprotective role in the retina or dysfunction in the receptor contributes to retinal disease, 

then the absence of the orphan GPCR should be detrimental to the health of the retina.

2 | MATERIALS AND METHODS

2.1 | Animals

All animal studies were approved by the Institutional Animal Care and Use Committee 

(IACUC) at Case Western Reserve University School of Medicine (Animal Welfare 

Assurance Number A3145–01) under protocol 2014–0021. Mice were housed in ventilated 

microisolator cages under a 12-h/12-h light/dark cyclic environment except for constant 

dark experiments, where mice were born and maintained under dim red-light conditions. 

Mice were provided food and water ad libitum and were housed up to 5 mice per cage 

until time of experiment (1–15 months of age). All experiments involving mice were 

terminal. Mice were killed by carbon dioxide inhalation. Animal suffering was minimized 

in electroretinography (ERG) experiments by anesthetizing mice and eyes and putting mice 

on a heating pad to maintain body temperature, as described below in the ERG section. 

Wild-type mice in the current study were C57Bl/6J (B6) mice (RRID:IMSR_JAX:000664). 

Gpr75−/− mice were generated by the trans-NIH Knock-Out Mouse Project and obtained 

from the KOMP Repository (www.komp.org; RRID:IMSR_KOMP:VG10647). The original 

mice from the KOMP repository were on a C57Bl/6N background containing the rd8 

mutation (Mattapallil et al., 2012). These mice were backcrossed to B6 mice to remove the 

rd8 mutation. Both male and female mice were used in experiments. A total of 324 mice 

(B6, 149; Gpr75−/−, 151; Gpr75+/−, 24) were used for experiments. No exclusion criteria 

were pre-determined and no blinding was performed.

2.2 | RT-qPCR

Sample preparation and RT-qPCR was conducted essentially as described previously 

(Colozo et al., 2020; Rakshit et al., 2017). Total RNA was isolated from the retina 

of mice using High Pure RNA Isolation Kit (Cat# 11828665001; Roche Diagnostics) 

and reverse transcription was performed using the Transcriptor First Strand cDNA 

Synthesis Kit (Cat# 04379012001; Roche Diagnostics). qPCR was conducted in triplicate 

on the LightCycler 96 Real-Time PCR System (Roche Diagnostics) using the cDNA 

product and FastStart Essential DNA Green Master Kit (Cat# 06402712001; Roche 

Diagnostics). Primer sequences used are as follows: Gpr75, 5′-GATGC TTC CAG ACC 

ACA GCCAT (forward) and 5′-CCATGAGTTTGACTGTGCTGCAG, (reverse); Gapdh, 

5′-GTGGCAAAGTGGAGATTGTTG (forward) and 5′-CGTTGAATTTGCCGTGAGTG 

(reverse). The threshold cycle (CT) was determined, and the relative levels of Gpr75 
transcript were computed using the comparative CT method using Gapdh as the 

internal control (Schmittgen & Livak, 2008). The qPCR products were also resolved by 

electrophoresis on a 2.5% agarose gel containing ethidium bromide (AMRESCO) and 

imaged on a Gel Doc XR+ System (Bio-Rad). A TriDye Ultra Low Range DNA Ladder 

(New England BioLabs) was also loaded on the agarose gels. Based on RT-qPCR data in 

(Colozo et al., 2020), a 20% difference would have 80% power with type 1 error of 5% 

when n = 2 (computed using equation 3 in Dziak et al., 2020).
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2.3 | Histology and immunohistochemistry

For histology analysis, eyes were enucleated from mice and then processed, embedded in 

paraffin, sectioned, and stained with hematoxylin and eosin by Excalibur Pathology, as 

described previously (Senapati et al., 2018). Hematoxylin and eosin-stained sections were 

imaged on a Leica DME compound microscope equipped with an EC3 digital camera 

and 40×/0.65-NA objective (Leica Microsystems) or on an Axio Scan.Z1 Slide Scanner 

equipped with a Hitachi HV-F203 camera and a Plan Apo 20×/0.8-NA objective (Carl Zeiss 

Microscopy). The number of nuclei that span the outer nuclear layer (ONL) was counted 

manually on both superior and inferior regions at various distances from the optic nerve. For 

each mouse, nuclei were counted in 3 sections and then averaged. Based on histology data 

in (Colozo et al., 2020), a difference of 2 nuclei would have 80% power with type 1 error of 

5% when n = 3 (computed using equation 3 in Dziak et al., 2020).

For immunohistochemistry, retinal cryosections were prepared as described previously 

(Colozo et al., 2020). Cone photoreceptor cell outer segments (OSs) were labeled with a 

1:500 dilution of biotinylated peanut agglutinin (PNA; Vector Laboratories Cat# B-1075, 

RRID:AB_2313597) and then with a 1:500 dilution of streptavidin Alexa Fluor 488 

conjugate (Cat# S11223; Thermo Fisher Scientific) or streptavidin Alexa Fluor 647 

conjugate (Cat# S21374; Thermo Fisher Scientific). The entire cone photoreceptor cell 

was labeled with a rabbit anti-cone arrestin (LUMIj-mCAR) antibody (RRID:AB_2314753; 

Nikonov et al., 2008; Zhu et al., 2002, 2003). Rod photoreceptor cells were labeled with 

a mouse anti-1D4 antibody, which detects the carboxy-terminal tail of rhodopsin (Molday 

& MacKenzie, 1983). GPR75 was labeled with a custom rabbit polyclonal anti-GPR75 

antibody generated by the Custom Polyclonal Antibody Production Service from GenScript 

using peptides corresponding to regions highlighted in Figure 1c. A cysteine residue 

was added to the sequence from GPR75 for conjugation to a carrier protein. Oxidative 

stress was monitored using a 1:250 dilution of rabbit anti-4-hydroxynonenal (4-HNE) 

antiserum (Alpha Diagnostic International Cat# HNE11-S, RRID:AB_2629282). Rabbit 

primary antibodies were detected with a 1:500 dilution of Alexa Fluor 488 goat anti-rabbit 

secondary antibody (Abcam Cat# ab150077, RRID:AB_2630356) or Alexa Fluor 568 

goat anti-rabbit secondary antibody at a dilution of 1:500 (Thermo Fisher Scientific Cat# 

A-11011, RRID:AB_143157). Mouse primary antibody was detected with a 1:500 dilution 

of goat anti-mouse CF 647 secondary antibody (Cat# SAB4600183; MilliporeSigma).

Labeled retinal cryosections were generally viewed with an Olympus FV1200 confocal 

laser scanning microscope (Olympus) equipped with a 20×/0.75-NA objective with 2× zoom 

to obtain a confocal image. Images of retinal cryosections stained with anti-cone arrestin 

antibody were acquired with a 40×/1.40 NA oil objective, with each image representing a 

maximum projection of 30–36 image z-stack taken at a step size of 0.50 μm. DAPI was 

detected by exciting the sample with a 405 nm diode laser and the emission signal was 

collected at 425–460 nm. Alexa Fluor 488 was detected by exciting the sample with a 

multi-line ion argon laser at 473 nm and collecting the emission signal at 485–545 nm. 

Alexa Fluor 568 was detected by exciting the sample with a 559 nm diode laser and 

collecting the emission signal at 575–620 nm. Alexa Fluor 647 and CF 647 were detected 

by exciting the sample with a 635 nm diode laser and the emission signal was collected at 
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655–755 nm. For DIC imaging, TD1 detectors were used in DIC mode. To quantify staining 

by anti-4-HNE antibody, the threshold of images was adjusted, and the number of pixels 

with a signal above the threshold was quantified in ImageJ (version 1.53n).

2.4 | TUNEL assay

Apoptosis was detected using a terminal deoxynucleotidyltransferase dUTP nick-end 

labeling (TUNEL) assay. The TUNEL assay was applied to retinal cryosections using 

the DeadEnd Fluorometric TUNEL System (Promega). The sections were viewed with an 

Olympus FV1200 confocal laser scanning microscope (Olympus) equipped with a 20×/0.75-

NA objective with 2× zoom. DAPI was detected by exciting the sample with a 405 nm diode 

laser and the emission signal was collected at 425–460 nm. TUNEL-positive cells were 

detected by exciting the sample with a multi-line ion argon laser at 473 nm and collecting 

the emission signal at 485–545 nm. TUNEL-positive cells in the ONL were counted using 

the Analyze Particles function of ImageJ (version 1.53n) by adjusting the threshold of the 

image.

2.5 | Electroretinography

Scotopic and photopic responses to white strobe-flash stimuli were obtained from dark-

adapted mice anesthetized with 65 mg/kg pento-barbital sodium by intraperitoneal injection, 

as described previously (Senapati et al., 2018). Photopic responses to wavelength-specific 

strobe-flash stimuli were obtained as follows. Mice were dark-adapted overnight and then 

anesthetized with 40 mg/kg ketamine and 8 mg/kg xylazine by intraperitoneal injection. 

Pupils were dilated using 1% tropicamide (Bausch and Lomb), 2.5% phenylephrine 

hydrochloride (Akorn), and 1% cyclopentolate (Bausch and Lomb). Eyes were anesthetized 

with 0.5% proparacaine hydrochloride (Akorn). Mice were placed on a temperature-

regulated heating pad and ERGs were recorded using an Espion E3 ColorDome full-field 

ganzfeld (Diagnosys). To measure cone photoreceptor cell responses, rod photoreceptor cells 

were first saturated with a steady-state green light-emitting diode (LED) stimulus (520 nm, 

half-bandwidth of 35 nm) and blue LED stimulus (445 nm, half-bandwidth of 20 nm) at 

an intensity of 10 cd/m2 for 7 min. Subsequently, S-cone photoreceptor cell responses were 

obtained with a UV LED stimulus (365 nm, half bandwidth of 9 nm) superimposed on the 

steady-state background at increasing intensities of 0.0001. 0.0005, 0.002, 0.005, and 0.01 

cd/m2. M-cone photoreceptor cell responses were obtained with a green LED (520 nm, half-

bandwidth of 35 nm) at increasing intensities of 2, 5, 10, 20, and 80 cd/m2. The sampling 

frequency was 100 Hz with 20 responses averaged per recorded trace. The amplitude of 

the scotopic a-wave was measured at 6.6 ms following the stimulus. The amplitude of the 

scotopic b-wave was determined by summing the amplitude of the a-wave at 6.6 ms with the 

peak of the waveform following the oscillatory potentials. The photopic response amplitudes 

were calculated by summing the peak of the waveform with the amplitude at 6.6 ms. Based 

on ERG data in (Senapati et al., 2018), a 15% reduction in the scotopic b-wave would have 

80% power with type 1 error of 5% when n = 6 (computed using equation 3 in Dziak et al., 

2020).
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2.6 | Retinal whole-mount analysis

Mouse eyes were fixed whole in 4% paraformaldehyde in PBS for 1 h prior to 

dissection. Retinas were dissected from the eye-cups and further fixed and flattened in 

4% paraformaldehyde (in PBS) for 30 min. Retinas were washed two times in PBS 

(Cat# SH3025602; GE Healthcare Life Sciences) and blocked in PBST (PBS with 0.05% 

Tween 20, Cat# 20605; USB) containing 5% goat serum (Cat# 50062Z; Invitrogen) for 

1 h with shaking. Retinas were incubated overnight at 4°C with shaking with a 1:250 

dilution of rabbit polyclonal anti-S-opsin antibody (Cat# ABN1660; MilliporeSigma) or a 

1:200 dilution of rabbit polyclonal anti-red/green opsin antibody (Millipore Cat# AB5405, 

RRID:AB_177456) in PBST containing 5% goat serum. After incubation with primary 

antibodies, retinal whole mounts were washed three times for 10 min in PBST and 

then incubated for 2 h with shaking at room temperature with Alexa Fluor 568 goat anti-

rabbit secondary antibody at a dilution of 1:500 (Thermo Fisher Scientific Cat# A-11011, 

RRID:AB_143157). Retinas were washed two times for 10 min with PBST and then with 

PBS. Retinas were placed on a microscope slide with the photoreceptor cell side facing 

up and mounted with Prolong Diamond Antifade Mountant (Thermo Fisher Scientific). 

Wide-field images of fluorescently stained retinal flat mounts were acquired on a Zeiss 

AxioScan.Z1 equipped with a Hamamatsu ORCA-Flash4.0 v3 monochrome camera and 

a Plan Apo 20×/0.8-NA objective (Carl Zeiss Microscopy). Each flat mount image is 

comprised of multiple tiles with a z-stack of 15 μm and stitched together with the Zeiss 

Zen 3.1 software (Carl Zeiss Microscopy). 299 μm × 299 μm regions in both the superior 

and inferior retina at 600–1200 μm from the optic nerve were selected and extracted in 

MetaMorph 7.8 software (Molecular Devices). The number of cone photoreceptor cells, as 

stained by anti-M-opsin or anti-S-opsin antibodies, in those regions was quantified in ImageJ 

(version 1.53n) by adjusting the threshold of the image and using the Analyze Particles 

function. Two regions in the superior or inferior regions of the retina as shown in Figure 7 

were analyzed, and the density of cone photoreceptor cells in those regions were averaged.

2.7 | Reactive oxygen species assay

Reactive oxygen species (ROS) were detected by monitoring fluorescence 

from dichlorofluorescein (DCF). DCF is formed when the non-fluorescent 2′,7′-
dichlorofluorescin diacetate (DCFDA) reacts with ROS (Halliwell & Whiteman, 2004). 

Retina was dissected from mouse eyes and then homogenized in ice-cold Tris–HCl buffer 

(40 mM, pH 7.4). Total protein quantification was assayed using Bio-Rad Protein Assay 

Kit (Cat# 5000001; Bio-Rad). Retinal homogenates (100 μL) were mixed with Tris–HCl 

buffer (1 mL) and 10 μM DCFDA (5 μL; Sigma-Aldrich) and incubated for 30 min at 

37°C. Fluorescence was measured by exciting the samples at 485 nm (5 nm slit width) 

and collecting the emission spectra at 525 nm (5 nm slit width) on a FluoroMax-4 

spectrofluorometer (Horiba Jobin Yvon).

2.8 | Statistical analysis

Data were plotted and statistically analyzed using Prism 9 (Graph-Pad Software). Multiple 

comparisons were conducted using 1-way or 2-way ANOVA followed by post-hoc analysis 

to assess statistical significance (p < 0.05) of differences for individual comparisons. No 
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sample size calculation was performed a priori, and sample sizes used were based on 

previous studies (e.g., Colozo et al., 2020; Ortin-Martinez et al., 2014; Power et al., 2020; 

Sawant et al., 2017; Senapati et al., 2018; Trachsel-Moncho et al., 2018). The number 

of animals tested (n) is indicated in the figure legends. The data were not assessed for 

normality and no test for outliers was conducted. The results from statistical analyses are 

presented in Tables S1–S15. Qualitative experiments were conducted on at least 3 different 

samples to assess reproducibility.

3 | RESULTS

3.1 | Expression and localization of GPR75

The absence of GPR75 in Gpr75−/− mice was confirmed both at the transcript and protein 

levels. RT-qPCR demonstrated the absence of Gpr75 transcripts in samples prepared from 

the retina of Gpr75−/− mice (Figure 1a,b). Immunohistochemistry was performed to confirm 

the absence of the GPR75 protein in the retina of Gpr75−/− mice and the localization 

of GPR75 in the retina of wild-type B6 mice. Commercially available antibodies for 

GPR75 were first tested. None of the commercially available antibodies tested, including 

antibodies used in previous studies (Cardenas et al., 2020, 2023; Dedoni et al., 2018; 

Gonzalez-Fernandez et al., 2020), demonstrated specificity for GPR75 (Figure S1). Some 

commercial antibodies used in previous studies were no longer available and therefore could 

not be tested (Garcia et al., 2017; Liu et al., 2013).

Since none of the commercial antibodies tested generated a specific signal for GPR75, 

we developed our own anti-GPR75 antibody. Polyclonal antibodies were generated by 

immunization of rabbits with three peptides that were predicted to be easily chemically 

synthesized and have high antigenicity. Two of the peptides corresponded to regions within 

the third cytoplasmic loop and a third peptide corresponded to a region within the carboxy-

terminal tail (Figure 1c). Antibodies against regions within the third cytoplasmic loop did 

not generate a specific signal for GPR75 by immunohistochemistry (Figure 1d,e). The 

inability to detect GPR75 suggests that the third cytoplasmic loop may form some sort of 

structure that prevents access to the antibodies. Antibodies generated from a peptide within 

the carboxy-terminal tail, however, were able to generate a specific signal for GPR75 by 

immunohistochemistry (Figure 1f,g). In contrast to commercial antibodies that were tested 

(Figure S1), the anti-GPR75 polyclonal antibody we generated was specific for GPR75 since 

no labeling was detected in the retina of Gpr75−/− mice (Figure 1f). Immunohistochemistry 

of retina from B6 mice using our anti-GPR75 antibody indicated that GPR75 is localized 

in the choroid, photoreceptor, inner nuclear, and ganglion cell layers (GCLs) of the retina 

(Figure 1f). In the photoreceptor cell layer, the signal from GPR75 colocalized with PNA 

staining (Figure 1g), which labels cone photoreceptor cell OSs (Blanks & Johnson, 1984; 

Szel et al., 1993). Thus, GPR75 is expressed in cone photoreceptor cells.

3.2 | Retinal degeneration in Gpr75−/− mice

The health of the retina in Gpr75−/− mice was assessed by histology in animals that were 

1–15 months of age. No significant difference was observed in the retina between young (1 

month) B6 and Gpr75−/− mice; however, a small reduction in the number of nuclei in the 
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ONL was observed in older (12 months) mice (Figure 2a,b). No differences were observed 

in the retina of heterozygous knockout (Gpr75+/−) mice at any age tested (Figure 2a,b). The 

number of nuclei that span the ONL, which corresponds to photoreceptor cell nuclei, was 

quantified to determine the progression of photoreceptor cell loss. B6 mice did not exhibit 

significant photoreceptor cell loss in mice aged 1–15 months (Figure 2c,f,g). Gpr75−/− mice 

exhibited an age-dependent mild photoreceptor cell loss (Figure 2e–g). The loss of nuclei 

was similar in both the inferior and superior regions of the retina. Photoreceptor cell loss 

was progressive with age until 12 months of age. No photoreceptor cell loss was observed in 

Gpr75+/− mice (Figure 2d,f,g), indicating that both alleles need to be knocked out for retinal 

degeneration.

Cell death was assessed by terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) assay (Figure 3). TUNEL-positive cells were not detected in B6 mice up until 12 

months of age (Figure 3b). In contrast, TUNEL-positive cells were present in the ONL of 

Gpr75−/− mice, even as early as 1 month of age (Figure 3a). The peak of TUNEL-positive 

cells occurred at 6 months of age and tapered off thereafter (Figure 3c). This pattern of 

TUNEL-positive cells was consistent with the observed loss of nuclei in the outer nuclei 

layer, where the loss of nuclei stabilized after 12 months of age (Figure 2e–g).

3.3 | Retinal degeneration is a result of cone photoreceptor cell loss

To assess the functional consequence of the observed retinal degeneration, ERG was 

performed on 12-month-old B6 and Gpr75−/− mice. ERG recordings were obtained using 

white light under scotopic and photopic conditions. No significant differences were observed 

in the a-wave under scotopic conditions (Figure 4a), indicating that rod photoreceptor cells 

are largely unaffected by the absence of GPR75. A small difference was observed in the 

b-wave under scotopic conditions and a significant difference was observed in the photopic 

ERG response at higher light intensities (Figure 4b). In both instances, the b-wave was 

lower in Gpr75−/− mice compared to that in B6 mice. The lower photopic ERG responses in 

Gpr75−/− mice are indicative of dysfunction in cone photoreceptor cells and point to the loss 

of cone photoreceptor cells rather than rod photoreceptor cells in Gpr75−/− mice. Photopic 

ERG was also conducted on 9-month-old B6 and Gpr75−/− mice using green and UV light 

stimuli to examine the function of M-cone and S-cone photoreceptor cells, respectively. The 

photopic b-wave was lower in Gpr75−/− mice compared to B6 mice using both lighting 

stimuli (Figure 4c,d), indicating dysfunction of both cone photoreceptor cell subtypes.

To examine whether cone photoreceptor cell loss occurs in Gpr75−/− mice, retinal sections 

and whole mounts were examined. Retinal sections were labeled with an anti-1D4 antibody, 

which detects rhodopsin (Molday & MacKenzie, 1983), to examine the status of rod 

photoreceptor cells. Rhodopsin was properly localized to the OS of rod photoreceptor cells 

and there were no apparent differences between B6 and Gpr75−/− mice in either young (1 

month) or older (12 months) mice (Figure 5). Consistent with scotopic ERG responses, 

rod photoreceptor cells appear to be largely unaffected in Gpr75−/− mice. Retinal sections 

were stained with PNA to label cone photoreceptor cell OSs and an anti-cone arrestin 

antibody to label the entire cone photoreceptor cell. The labeling by both PNA and anti-cone 

arrestin antibody in young (1 month) Gpr75−/− mice was similar to that in B6 mice (Figure 
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6a–d). Older (12 months) Gpr75−/− mice exhibited less PNA and anti-cone arrestin antibody 

staining in both the superior and inferior regions of the retina compared to age-matched B6 

mice (Figure 6e–h). This reduction in PNA and anti-cone arrestin antibody staining indicates 

the loss of cone photoreceptor cells that is age-dependent.

To determine whether the loss of cone photoreceptor cells occurs in both cone subtypes 

as indicated by ERG, retinal whole mounts were labeled with anti-M-cone and anti-S-cone 

antibodies and the number of each cone photoreceptor cell subtype quantified (Figure 

7). M cones were present throughout the retina at similar levels, whereas S cones were 

concentrated in the inferior region of the retina, which is the characteristic distribution of 

cone subtypes in B6 mice (Applebury et al., 2000; Ortin-Martinez et al., 2014). No loss of 

either cone subtype was detected in young (1 month) Gpr75−/− mice. In older (12 months) 

Gpr75−/− mice, a significant loss of M-cones was detected in both superior and inferior 

regions of the retina (Figure 7i). The level of S-cones was also lower in older Gpr75−/− mice 

in both superior and inferior regions of the retina; however, only the loss in the inferior 

region was deemed statistically significant (Figure 7j). Taken together, both functional and 

histological characterizations indicate that the retinal degeneration in Gpr75−/− mice is 

because of the loss of both M-cone and S-cone photoreceptor cells.

3.4 | Oxidative stress observed in the retina of Gpr75−/− mice

The retina is constantly bombarded with light and is a highly oxygenated tissue, especially 

in the outer retina where photoreceptor cells are present, making the retina particularly 

susceptible to oxidative damage (Contin et al., 2016; Youssef et al., 2011). Oxidative stress 

can often play a role in age-related retinal degenerations (Beatty et al., 2000; Hollyfield, 

2010). Specifically, oxidative damage can cause cone photoreceptor cell death (Komeima et 

al., 2006; Shen et al., 2005). ROS in retinal homogenates of Gpr75−/− mice was quantified 

by monitoring fluorescence from DCF, which is a byproduct of the reaction between 2′,7′-
dichlorofluorescein diacetate and ROS (Heidari et al., 2016). The level of ROS increased 

with age in both B6 and Gpr75−/− mice (Figure 8a). The amount of ROS was greater in 

Gpr75−/− mice compared to B6 mice. The effect of elevated ROS in the retina of Gpr75−/− 

mice was examined in retinal sections labeled with an anti-4-HNE antibody. 4-HNE is a 

byproduct of lipid peroxidation and marker for elevated ROS (Liou & Storz, 2015). The 

retina of Gpr75−/− mice exhibited 4-HNE staining in the photoreceptor cell layer, indicating 

that the elevated levels of ROS cause lipid peroxidation (Figure 8c). The levels of 4-HNE 

were minimal in young mice but increased with age (Figure 8b,c), mirroring the pattern of 

ROS quantified by DCF. The retina of B6 mice did not exhibit 4-HNE at any age tested 

(Figure 8d). 4-HNE staining colocalized with PNA staining (Figure 8e), indicating that 

elevated ROS in the retina of Gpr75−/− mice causes lipid peroxidation in cone photoreceptor 

cells.

Constant room lighting can cause increases in oxidative stress (Benedetto & Contin, 2019). 

To determine whether the lighting environment of mice contributes to the observed increase 

in oxidative stress and photoreceptor cell death in Gpr75−/− mice, mice were housed in 

constant darkness. Similar to mice housed under normal cyclic light conditions, Gpr75−/− 

mice housed under constant dark conditions exhibited mild retinal degeneration in older 
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(12 months) mice, because of the loss of cone photoreceptor cells, but not in younger (1 

month) mice (Figure 9a–d). Retinal degeneration was age-dependent and occurred in both 

the superior and inferior regions of the retina (Figure 9e–g). Housing mice under constant 

dark conditions reduced the levels of ROS, as quantified by DCF fluorescence, in both B6 

and Gpr75−/− mice (Figure 9h). However, retinal homogenates from Gpr75−/− mice still 

displayed increases in ROS that was age-dependent, and the levels were greater than that of 

B6 mice. Thus, light and the increases in oxidative stress that it promotes do not contribute 

to the cone photoreceptor cell loss observed in Gpr75−/− mice.

4 | DISCUSSION

The physiological and pathophysiological role for GPR75 is only beginning to be revealed 

in some tissues and diseases. The function of GPR75 in the retina is unknown despite the 

high expression in this tissue. Characterization of the retina of Gpr75−/− mice has revealed 

a potential role for the orphan receptor in cone photoreceptor cells. While systemic effects 

cannot be ruled out as a contributor to the observed retinal degeneration in Gpr75−/− mice, 

several lines of evidence support a protective role for GPR75 in cone photoreceptor cells. 

First, in the absence of GPR75, there is a preferential loss of cone photoreceptor cells that 

does not affect rod photoreceptor cell function, even up until 12 months of age (Figures 

4–6). Cone loss occurs for both S-cone and M-cone photoreceptor cells (Figure 7). Second, 

oxidative stress accompanies photoreceptor cell loss and is detected in cone photoreceptor 

cells (Figure 8). Lastly, GPR75 is expressed in cone photoreceptor cells, as indicated by 

anti-GPR75 antibody staining (Figure 1g).

Detection of GPR75 expression in the retina was made possible by a polyclonal antibody 

generated against an epitope in the carboxy-terminal tail of the orphan receptor (Figure 

1c). This antibody showed specificity, whereas commercial antibodies failed to exhibit 

specificity. Antibodies for GPCRs can lack specificity and it is essential to test in knockout 

animals (Michel et al., 2009). Lack of specificity of commercial anti-GPR75 antibodies was 

also noted previously for western blots testing material from knockout mice (Speidell et al., 

2023). The expression pattern of GPR75 in the murine retina, as revealed by anti-GPR75 

antibody staining (Figure 1f), shared some similarities with the predicted expression in the 

human retina from single-cell RNA sequencing data (proteinatlas.org; Karlsson et al., 2021). 

Cone photoreceptor cells are one of five cell types (others include mucus glandular cells, 

glandular and luminal cells, gastric mucus-secreting cells, and salivary duct cells) in the 

human body with enhanced expression of Gpr75 transcripts (proteinatlas.org; Karlsson et 

al., 2021), thereby validating the anti-GPR75 staining in cone photoreceptor cells of the 

murine retina (Figure 1g). Gpr75 transcripts are also detected in rod photoreceptor, bipolar, 

and Müller cells in the human retina (proteinatlas.org; Karlsson et al., 2021). Anti-GPR75 

staining detected in the inner nuclear layer (INL) and GCL may correspond to expression in 

bipolar cells and Müller cells, which should be validated in the future. There is no evidence 

of anti-GPR75 staining in rod photoreceptor cells in the murine retina and rod photoreceptor 

cells appear to be largely unaffected in Gpr75−/− mice. Thus, there is either a disconnect 

between transcript and protein expression in rod photoreceptor cells or there is a difference 

in expression in murine and human retina.
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Although oxidative stress can often play a role in age-related retinal degenerations and cause 

cone photoreceptor cell death (Beatty et al., 2000; Hollyfield, 2010; Komeima et al., 2006; 

Shen et al., 2005), it does not seem to be the primary driver of cone photoreceptor cell 

loss in Gpr75−/− mice. The peak of cell death occurs at 6 months of age, whereas oxidative 

stress keeps increasing with age even until 12 months of age (Figures 3 and 8). Furthermore, 

decreasing oxidative stress by housing mice under constant dark conditions does not prevent 

the loss of cone photoreceptor cells. (Figure 9). The progression of oxidative stress mirrors 

that of photoreceptor cell loss, where the loss of cone photoreceptor cells progresses with 

age up until 12 months of age (Figures 2f,g and 8). Thus, it appears that oxidative stress is a 

byproduct of cone photoreceptor cell death rather than a cause.

The nature of cone photoreceptor cell death in Gpr75−/− mice is unclear but must be 

investigated further to better understand the mechanism of the observed retinal degeneration. 

TUNEL-positive cells in Gpr75−/− mice are found throughout the ONL (Figure 3a), yet 

the nuclei of cone photoreceptor cells are usually present only in the apical side of the 

ONL (Xue et al., 2020). TUNEL-positive cells likely do not derive from rod photoreceptor 

cells since rods appear to be largely unaffected in Gpr75−/− mice (Figure 4a). The observed 

TUNEL cells may therefore represent the clearance of dying cone photoreceptor cells from 

the ONL (Sahaboglu et al., 2013). It is unclear why cone photoreceptor cell death does 

not progress further after 12 months of age. Perhaps there are protective mechanisms that 

become activated and prevent further loss of cone photoreceptor cells.

The specific degeneration of cone photoreceptor cells observed here in Gpr75−/− mice lends 

credence to a previous genetic study implicating GPR75 dysfunction in AMD (Sauer et 

al., 2001), where cone photoreceptor cell loss leads to blindness. Cone photoreceptor cells 

are essential for vision as they are required for color vision and operate under photopic 

conditions. In humans, cone photoreceptor cells are responsible for almost all of our 

vision (Lamb, 2016), and therefore preservation of vision requires the maintenance of 

healthy cones. Despite the importance of cone photoreceptor cells, their cell physiology 

and pathophysiology has been studied less than those of rod photoreceptor cells, which 

contribute to human vision only under restricted conditions (Lamb, 2016). This is due in part 

to the abundance of rod photoreceptor cells compared to cone photoreceptor cells in most 

mammalian retina, where cones typically make up less than 5% of the total photoreceptor 

cell population (Carter-Dawson & LaVail, 1979; Oyster, 1999), and the lack of appropriate 

mouse models. Most mouse models for retinal degenerative disease involving photoreceptor 

cells exhibit primary rod photoreceptor cell death (Collin et al., 2020). Cone photoreceptor 

cell death is secondary and studied within the context of rod photoreceptor cell death. 

Mouse models for primary cone photoreceptor cell death are currently scarce (Samardzija & 

Grimm, 2014), but required to better understand retinal degenerative diseases that primarily 

affect cone photoreceptor cells such as AMD. Gpr75−/− mice examined here present a novel 

mouse model to study a slowly progressing primary cone photoreceptor cell death in the 

absence of rod photoreceptor cell death.
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FIGURE 1. 
Expression of GPR75 in the retina. (a) Quantification of Gpr75 transcripts. The level of 

Gpr75 transcripts in the retina of 3-month-old B6 and Gpr75−/− mice was quantified by 

RT-qPCR. The level of Gpr75 transcripts is expressed relative to that in the retina of 

B6 mice. Mean values are shown with the standard deviation (n = 3). (b) Visualization 

of qPCR products. Transcripts of Gpr75 and the internal control Gapdh in the retina of 

3-month-old B6 and Gpr75−/− mice were resolved on a 2.5% agarose gel by electrophoresis. 

The corresponding number of base pairs from the DNA ladders is indicated. (c) Secondary 

structure of GPR75. The secondary structure of murine GPR75 was determined by GPCR-I-

TASSER (Zhang et al., 2015). Peptide sequences used to generate antibodies corresponding 

to regions in the third cytoplasmic loop (CL3–1 and CL3–2) and cytoplasmic tail region 

(CT) are indicated. (d–f) Immunohistochemistry on retina from B6 and Gpr75−/− mice using 

anti-CL3–1 (d), anti-CL3–2 (e), and anti-CT (f) antibodies. Staining from the anti-GPR75 
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antibodies is indicated in red and DAPI is shown in blue. Scale bar, 50 μm. In (f) the staining 

of anti-CT antibody and DAPI is overlaid on the DIC image for B6 mice. (g) Colocalization 

of anti-CT antibody and peanut agglutinin (PNA) staining. The fluorescence microscopy 

image presented in (f) for B6 mice is shown with additional PNA staining (green). Areas 

marked by white boxes are shown as zoomed-in images on the right-hand side to more 

clearly observe colocalization between anti-CT antibody and PNA staining. Scale bar for 

zoomed-in images, 5 μm.
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FIGURE 2. 
Retinal degeneration in Gpr75−/− mice. (a, b) Hematoxylin and eosin-stained retinal 

sections. Retinal sections from 1-(a) and 12-(b) month-old B6, Gpr75+/−, and Gpr75−/− 

mice are shown. Microscopy images were taken from the superior region about 600–1000 

μm from the optic nerve. The outer segment (OS)/inner segment (IS) of photoreceptor cells, 

outer nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL) are 

indicated. Scale bar, 50 μm. (c–e) Quantification of the number of nuclei that span the 

ONL. The number of nuclei was quantified at different distances from the optic nerve in the 

superior (positive) or inferior (negative) regions of the retina of B6, Gpr75+/−, and Gpr75−/− 

mice at ages 1–15 months. Mean values are shown with the standard deviation (n = 4). (f, 

g) Progressive retinal degeneration. The number of nuclei that span the ONL at distances of 

600, 800, and 1000 μm from the optic nerve in the superior (f) and inferior (g) regions of 
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the retina was averaged and plotted versus the age of mice. Mean values are shown with the 

standard deviation (n = 4). Statistical analyses are presented in Tables S1 and S2.
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FIGURE 3. 
TUNEL assay on the retina of B6 and Gpr75−/− mice. (a, b) TUNEL assay on the retina 

of different aged mice. TUNEL staining (red) is observed in the outer nuclear layer (ONL) 

of Gpr75−/− mice (a) but not B6 mice (b). DAPI staining is shown in blue. ONL, inner 

nuclear layer (INL), and ganglion cell layer (GCL) are indicated. Scale bar, 50 μm. (c) 

Quantification of TUNEL-positive cells in Gpr75−/− mice. The number of TUNEL-positive 

cells in the ONL was quantified in mice 1–12 months of age. Mean values are shown with 

the standard deviation (n = 4). Statistical analyses are presented in Table S3.
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FIGURE 4. 
Cone photoreceptor cell dysfunction. (a, b) Electroretinography (ERG) recordings were 

obtained from 12-month-old B6 (n = 4) and Gpr75−/− mice (n = 6) mice at increasing 

intensities of white light flashes under scotopic (a) or photopic (b) conditions. Both a-waves 

(dashed line) and b-waves (solid line) are plotted for scotopic conditions, and only b-waves 

are plotted for photopic conditions. (c, d) Photopic ERG recordings were obtained from 

9-month-old B6 (n = 7) and Gpr75−/− (n = 7) mice at increasing intensities of green (c) or 

UV (d) light flashes and the b-wave responses are plotted. Mean values are plotted along 

with the standard error of the mean. Sample ERG waveform traces for each condition are 

presented in Figure S2, and statistical analyses of the data are presented in Tables S4–S8.
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FIGURE 5. 
Rod photoreceptor cells unaffected in Gpr75−/− mice. Cryosections were prepared from the 

retina of 1-month-old B6 (a) and Gpr75−/− (b) mice and 12-month-old B6 (c) and Gpr75−/− 

(d) mice. Rod photoreceptor cells were labeled with an anti-1D4 antibody (red), which 

detects rhodopsin, and nuclei were labeled with DAPI (blue). Microscopy images from a 

region within 600–1000 μm from the optic nerve in the superior retina are shown. The outer 

segment (OS)/inner segment (IS) of photoreceptor cells, outer nuclear layer (ONL), inner 

nuclear layer (INL), and ganglion cell layer (GCL) are indicated. Scale bar, 50 μm.

Vasudevan et al. Page 23

J Neurochem. Author manuscript; available in PMC 2024 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 6. 
Loss of cone photoreceptor cells in Gpr75−/− mice. Cryosections were prepared from the 

retina of 1-month-old B6 (a, c) and Gpr75−/− (b, d) mice and 12-month-old B6 (e, g) and 

Gpr75−/− (f, h) mice. Cone photoreceptor cell outer segments were labeled with peanut 

agglutinin (PNA; green), entire cone photoreceptor cells were labeled with an anti-cone 

arrestin antibody (red), and nuclei were labeled with DAPI (blue). Microscopy images from 

a region within 600–1000 μm from the optic nerve in either the superior or inferior retina 

are shown. The outer segment (OS)/inner segment (IS) of photoreceptor cells, outer nuclear 

layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL) are indicated. Scale 

bar, 50 μm.
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FIGURE 7. 
Cone photoreceptor cell loss occurs in both M-cone and S-cone photoreceptor cells. (a–h) 

Retinal whole mounts prepared from 1-month or 12-month-old B6 and Gpr75−/− mice were 

stained with either anti-M-cone (green) or anti-S-cone (red) antibodies. The superior retina 

is at the top, and inferior retina is at the bottom. Regions indicated by white boxes on 

whole-mount images are shown as zoomed-in images on the right-hand side. Whole-mount 

scale bar, 1 mm. Zoomed-in image scale bar, 100 μm. (i, j) Quantification of M-cone (I) 

and S-cone (J) photoreceptor cells in whole mounts. The density of M-cone or S-cone 

photoreceptor cells in the superior (left graph) or inferior (right graph) regions of the retina 

are plotted. Mean values with the standard deviation are shown (n = 4). Asterisks indicate 

significant differences (p < 0.05). Statistical analyses of the data are presented in Table S9.
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FIGURE 8. 
Increased oxidative stress accompanies retinal degeneration in Gpr75−/− mice. (a) Reactive 

oxygen species (ROS) in retinal homogenates. ROS was quantified by monitoring 

fluorescence from dichlorofluorescein (DCF) in retinal homogenates from B6 and Gpr75−/− 

mice of different ages. Mean values with associated standard deviations are shown 

(n = 4). (b) Quantification of 4-HNE staining in retinal cryosections. The number of 

pixels exhibiting 4-HNE staining from immunohistochemistry was quantified from retinal 

cryosections of Gpr75−/− mice of different ages (e.g., (c)). Mean values with associated 

standard deviations are shown (n = 4). Statistical analyses of the data are presented in Tables 

S10–S12. (c, d) 4-HNE staining in retinal cryosections from Gpr75−/− (c) and B6 (d) mice 

that were 1–12 months of age. 4-HNE was detected with an anti-4HNE antibody (red). 

DAPI staining is shown in blue. The outer segment (OS)/inner segment (IS) of photoreceptor 

cells, outer nuclear layer (ONL), inner nuclear layer (INL), and ganglion cell layer (GCL) 
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are indicated. Scale bar, 50 μm. (e) Retinal cryosection from 12-month-old Gpr75−/− mouse 

stained with peanut agglutinin (PNA; green) or anti-4HNE antibody (red). Scale bar, 50 μm. 

A merged image is shown along with zoomed-in images (scale bar, 5 μm) from regions 

indicated by white boxes.
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FIGURE 9. 
Mice housed under constant dark conditions still exhibit retinal degeneration in Gpr75−/− 

mice. (a, b) Hematoxylin and eosin-stained retinal sections from mice housed under constant 

dark conditions. Retinal sections from 1-(a) and 12-(b) month-old B6 and Gpr75−/− mice are 

shown. Microscopy images were taken from the superior region about 600–1000 μm from 

the optic nerve. (c, d) Cryosections were prepared from the retina of 12-month-old B6 (c) 

and Gpr75−/− (d) mice. Cone photoreceptor cells were labeled with peanut agglutinin (PNA; 

green) and nuclei were labeled with DAPI (blue). Microscopy images from a region within 

600–1000 μm from the optic nerve in either the superior or inferior retina are shown. The 

outer segment (OS)/inner segment (IS) of photoreceptor cells, outer nuclear layer (ONL), 

inner nuclear layer (INL), and ganglion cell layer (GCL) are indicated. Scale bar, 50 μm. 

(e, f) Quantification of the number of nuclei that span the ONL in the superior (positive) 

or inferior (negative) region of the retina of B6 (e) and Gpr75−/− mice (f). (g) The number 
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of nuclei that span the ONL at distances of 600, 800, and 1000 μm from the optic nerve 

in the superior and inferior regions of the retina was averaged and plotted versus the age 

of mice. Mean values are shown with the standard deviation (n = 4). (h) Reactive oxygen 

species (ROS) in retinal homogenates of B6 and Gpr75−/− mice housed under constant dark 

conditions. ROS was quantified by monitoring dichlorofluorescein (DCF) fluorescence in 

retinal homogenates. Mean values are presented with the standard deviation (n = 4). The 

inset shows values for B6 mice on a magnified scale. Statistical analyses of the data are 

presented in Tables S13–S15.
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