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Abstract

The neuropeptide galanin receptor 3 (GALR3) is a class A G protein-coupled receptor (GPCR) 

broadly expressed in the nervous system, including the retina. GALR3 is involved in the 

modulation of immune and inflammatory responses. Tight control of these processes is critical for 

maintaining homeostasis in the retina and is required to sustain vision. Here, we investigated the 

role of GALR3 in retina pathologies triggered by bright light and P23H mutation in the rhodopsin 

(RHO) gene, associated with the activation of oxidative stress and inflammatory responses. We 

used a multiphase approach involving pharmacological inhibition of GALR3 with its antagonist 

SNAP-37889 and genetic depletion of GALR3 to modulate the GALR3 signaling. Our in vitro 
experiments in the retinal pigment epithelium-derived cells (ARPE19) susceptible to all-trans-

retinal toxicity indicated that GALR3 could be involved in the cellular stress response to this 

phototoxic product. Indeed, blocking the GALR3 signaling in Abca4−/−/Rdh8−/− and wild-type 

Balb/cJ mice, sensitive to bright light-induced retina damage, protected retina health in these mice 

exposed to light. The retina morphology and function were substantially improved, and stress 

response processes were reduced in these mouse models compared to the controls. Furthermore, in 

P23H Rho knock-in mice, a model of retinitis pigmentosa (RP), both pharmacological inhibition 

and genetic ablation of GALR3 prolonged the survival of photoreceptors. These results indicate 

that GALR3 signaling contributes to acute light-induced and chronic RP-linked retinopathies. 
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Together, this work provides the pharmacological knowledge base to evaluate GALR3 as a 

potential target for developing novel therapies to combat retinal degeneration.
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INTRODUCTION

The galanin receptors (GALRs), belonging to the family A G protein-coupled receptors 

(GPCRs), comprise three subtypes GALR1, GALR2, and GALR3 [1, 2]. GALRs are widely 

distributed in the nervous system but are also expressed in non-neuronal tissues [2, 3]. 

These receptors have high sequence homology and structural similarity. However, their 

tissue distribution pattern and type of G protein through which they signal differ. While 

GALR1 and GALR3 predominantly couple to Gi/o, with consequent reduction of cAMP 

and inactivation of protein kinase A, GALR2 signals preferentially via Gq, resulting in the 

activation of protein kinase C [1]. Two major endogenous ligands of GALRs, galanin and 

spexin show cross-reactivity to all three receptor subtypes. However, spexin preferentially 

activates GALR2 and GALR3, whereas galanin has a high affinity for GALR1 and GALR2, 

but not GALR3 [2, 4]. GALRs signaling plays a pivotal role in modulating homeostasis 

of various physiological processes, such as metabolism, nociception, cognition, feeding 

behavior, and inflammatory response [5, 6]. Importantly, GALR3-mediated signaling plays 

a central role in the pathogenesis of many human diseases, including epilepsy, alcoholism, 

neuropathic pain, diabetes, and cancer for which the activation of inflammatory response is 

a major hallmark [6–10]. In addition, GALR3 is involved in the regulation of inflammatory 

processes occurring in progressive degenerative diseases such as arthritis, psoriasis, and 

pancreatitis, and in neurodegeneration, including Alzheimer’s disease [11–15]. Interestingly, 

a blood-brain barrier permeable and highly selective small molecule antagonist of GALR3, 

namely SNAP-37899 administered to murine models of stress, depression, and alcohol abuse 

resulted in the diminishing of these CNS-related disorders [12, 16–18].
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Galanin receptors could also play an important role in ocular homeostasis [19, 20]. 

The retinal function requires a controlled supply of oxygen and nutrients together with 

timely removal of toxic metabolites in a tightly regulated environment provided by the 

cellular blood-retina barrier [21]. These processes are rigorously controlled by multiple 

mechanisms, including GPCR signaling [19, 22–25]. Interestingly, the endogenous GALR 

agonists and their receptors GALR1-3 are expressed in the human retina [19, 26, 27]. 

Among the three GALRs, GALR3 is specifically abundant in the retinal pigment epithelium 

(RPE) cells and around choroidal vessels, tissues important for the retina supply and 

its detoxification from byproducts generated by light. In addition, GALR3 was found 

on the surface of immune cells such as microglia and neutrophils that are involved 

in maintaining retinal homeostasis, thus modulation of GALR3 signaling could have 

significant implications in retinal pathologies [28, 29]. A disruption in retinal homeostasis 

often leads to retinal degenerative diseases [30]. Accumulated evidence indicates that 

modulation of the GPCR signaling provides neuroprotective effects, preventing degeneration 

in mouse models of retinopathy [31, 32]. However, the exact mechanism of protection 

through the GPCR-mediated modulators is unclear and only a handful of GPCRs have 

been targeted therapeutically. Indeed, modulators of GPCRs, adenylate cyclase (AC), 

phospholipase C (PLC), and Ca2+ channel blockers can mitigate pathological development 

in the Abca4−/−Rdh8−/− mice, a model of human Stargardt diseases and age-related macular 

degeneration (AMD), emphasizing the role of GPCRs in the development and progression 

of retinal degeneration [33, 34]. Pathogenesis of degenerative retinal diseases is associated 

with chronic inflammatory responses occurring in retinal cells [35–37]. In degenerating 

retinas of Abca4−/−Rdh8−/− the inflammatory mechanisms are triggered by high levels of 

toxic photoproducts, including all-trans-retinal and its conjugates [33, 34]. Activation of the 

inflammatory-stress signaling pathway is also a hallmark of retinitis pigmentosa (RP). This 

retinopathy is triggered by mutations in multiple retina-specific genes, including rod visual 

receptor, rhodopsin (Rho). The most common Pro 23 to His substitution in Rho accounts 

for 10–12% of all autosomal dominant RP (adRP) cases, without a therapeutic option 

available [38–40]. Interestingly, GALR3-mediated signaling is involved in the regulation of 

the inflammatory process associated with progressive irreversible degeneration [11–15].

The complexity of the GALRs-mediated signal transduction systems and tissue response 

emphasizes the need for a better understanding of the pathophysiological functions of these 

receptors. In this study, we aimed to investigate the role of GALR3 in retina degeneration. 

By applying the pharmacological GALR3 inhibition with its selective SNAP-37889 

antagonist [16] and genetic ablation of GALR3 in mouse models of acute and chronic 

retina degeneration, we found that GALR3 signaling contributes to pathologies of both, 

light-induced and P23H Rho-linked RP retinopathies [41]. Blocking GALR3 signaling 

showed protective effects against light-stimulated retina damage in Abca4−/−Rdh8−/− and 

WT Balb/cJ mice and prolonged survival of photoreceptors in a mouse model of RP 

associated with Rho misfolding. These results suggest the potential of GALR3 as a new 

target for developing therapies against these retinopathies.
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MATERIAL AND METHODS

Chemicals and Reagents

Dimethylsulfoxide (DMSO) and EDTA-free protease inhibitor cocktail tablets were 

purchased from Sigma (St. Louis, MO). Peanut agglutinin (PNA) and Alexa Fluor 

488-conjugated streptavidin were purchased from Vector. 4969-Diamidino-2-phenyl-indole 

(DAPI) for the nuclear staining was purchased from Life Technologies (Grand Island, NY). 

Polyvinylidene difluoride (PVDF) membrane was obtained from Millipore (Burlington, 

MA). The GALR3 inhibitor SNAP-37889 was purchased from Alomone Labs (Jerusalem, 

Israel) (PubChem CID 1471834). The GALR3 activator galnon was purchased from Sigma 

(PubChem CID: 5311268). pCMV6-GALR3-(Myc-DDK-tagged) DNA was purchased from 

OriGene Technologies (Rockville, MD). Polyethylenimine was obtained from Sigma. 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was also purchased 

from Sigma. All the antibodies used in this study are listed in Table 1.

Animals Care

Abca4−/−Rdh8−/− mice were used to examine the effects of GALR3 inhibitor SNAP-37889 

against light-induced retinal degeneration. These mice were free of the Rd8 mutation 

and they had the Leu variation at amino acid 450 of the retinal pigment epithelium 

65 kDa protein gene (Rpe65), which increases sensitivity to bright light [42, 43]. Mice 

with Met variation exhibit decreased sensitivity to bright light [42]. Galr3−/− mice 

(RRID:IMSR_TAC:tf0230) (Taconic, Germantown, NY) were used to evaluate GALR3 as 

a pharmacological target. Galr3−/− mice are on C57BL/6J background, thus C57BL/6J mice 

(RRID:IMSR_JAX:000664) (Jackson Laboratory, Bar Harbor, ME) were used as wild-type 

(WT) control. Galr3−/− mice were crossed with Balb/cJ mice (RRID:IMSR_JAX:000651) 

to generate light-sensitive Galr3−/− mice. These mice were used to evaluate the effect of 

Galr3 gene depletion on acute retinal degeneration caused by bright light insult. Balb/cJ 

mice were used as WT control. Heterozygous RhoP23H/+ knock-in mice were crossed with 

Galr3−/− mice to examine if lack of GALR3 has a beneficial effect on chronic retinopathy 

caused by P23H mutation in Rho gene. RhoP23H/P23H (Research Resource Identifier, 

RRID:IMSR_JAX:017628) were crossed with C57BL/6J mice (RRID:IMSR_JAX:000664), 

(Jackson Laboratory, Bar Harbor, ME) to obtain heterozygous RhoP23H/+ mice. Both 

male and female mice were used in all experiments. All mice were housed in the 

Animal Resource Center at the School of Medicine, Case Western Reserve University 

(CWRU), and maintained in a 12-hour light/dark cycle. All the procedures involving 

mice and experimental protocols were approved by the Institutional Animal Care and Use 

Committee at CWRU and conformed to recommendations of both the American Veterinary 

Medical Association Panel on Euthanasia and the Association for Research in Vision and 

Ophthalmology as well as the National Eye Institute Animal Care and Use Committee 

(NEI-ASP 682). Efforts were taken to minimize animal suffering.

Light-Induced Retinal Degeneration and Treatment Conditions

Abca4−/−Rdh8−/− mice at six weeks of age, Balb/cJ mice at eight weeks of age, and 

Galr3−/− mice at eight weeks of age on Balb/cJ background were dark-adapted 24 h before 

the treatment. The GALR3-specific inhibitor, SNAP-37889 [16], was dissolved in 50% 
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DMSO in phosphate-buffered saline (PBS) and delivered to mice via intraperitoneal (i.p.) 

injection. SNAP-37889 at a concentration of 100 mg/kg body weight (b.w.) or vehicle 

were administered to mice 30 min before exposure to bright light (Screw-In compact 

fluorescent (CFL) Bulb: spiral, 42 Watt bulb equivalent to 150 Watt incandescent bulb 

(soft white with brightness of 2,850 lumens, and minimum starting temperature of −28.9 

°C), Grainger. Abca4−/−Rdh8−/− mice were exposed to 10,000 lux light for 30 min, while 

Balb/cJ and Galr3−/− mice were exposed to 12,000 lux light for 1 h [43, 44]. The light 

exposure was performed between 9.00 and 10.00 am. Pupils of these mice were dilated 

with 1% tropicamide prior to light exposure. After illumination, mice were maintained 

in the dark for 7 days and then analyzed. Retinal morphology was visualized in vivo 
by spectral domain-optical coherence tomography (SD-OCT) (n = 6 mice per group) and 

scanning laser ophthalmoscopy (SLO) (n = 6 mice per group). Electroretinography (ERG) 

was used to assess retinal function (n = 5 mice per group). Before each procedure, mice 

were anesthetized with a cocktail composed of ketamine (20 mg/ml) and xylazine (1.75 

mg/ml) at a dose of 4 μl/g b.w. Mice were euthanized by cervical dislocation under deep 

anesthesia before the collection of eyes. For histological evaluation, eyes (n = 6 mice per 

group) were fixed in either 4% formalin in PBS or 2% glutaraldehyde followed by 2% 

paraformaldehyde. These eyes were embedded in paraffin and sections were stained with 

hematoxylin and eosin (H&E).

Treatment of RhoP23H/+ Mice

The effect of the inhibition of GALR3 with its specific inhibitor SNAP-37889 [16] on 

the progression of retinal degeneration in RP was examined in RhoP23H/+ mice [45]. 

SNAP-37889 at 10 mg/kg b.w. or vehicle was administered i.p. to mice every other day 

at 3.00 pm. Six injections total were performed. Mice were examined at postnatal day 33 

(P33) as described in [46]. The changes in retinal morphology upon drug treatment were 

assessed with SD-OCT (n = 6 mice per group) and retinal function was examined with 

ERG (n = 5 mice per group). Before each procedure, mice were anesthetized with a cocktail 

containing ketamine (20 mg/ml) and xylazine (1.75 mg/ml) at a dose of 4 μl/g b.w. For 

histological retina evaluation and immunohistochemistry, mice were euthanized by cervical 

dislocation under deep anesthesia before eyes collection (n = 6 per group).

In vivo Retina Imaging

To examine the effect of pharmacological inhibition and genetic depletion of GALR3 on 

acute retinal degeneration induced by bright light retina or chronic degeneration caused 

by P23H mutation in Rho, the retina was imaged in vivo using the ultrahigh-resolution 

Spectral-Domain Optical Coherence Tomography (SD-OCT) (Bioptigen, Morrisville, NC). 

The a-scan/b-scan ratio was set at 1200 lines. The OCT images were obtained by scanning 

at 0 and 90 degrees in the b-mode. Five image frames were captured and averaged. Changes 

in the retina of treated and control mice were determined by measuring the thickness of 

the outer nuclear layer (ONL) at 0.5 mm from the optic nerve head (ONH). The following 

mouse strains were subjected to SD-OCT imaging: Abca4−/−Rdh8−/−, Balb/cJ, C57BL/6J, 

Galr3−/− on either C57BL/6J or Balb/cJ background, RhoP23H/+, Galr3−/−RhoP23H/+. Six 

mice were used in each experimental group.
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The in vivo whole-fundus imaging of the mouse retina was performed with the Scanning 

Laser Ophthalmoscopy (SLO) (Heidelberg Engineering, Franklin, MA) immediately 

after the SD-OCT imaging. The auto-fluorescence mode was used. The number of 

autofluorescent spots (AF) detected in different experimental groups was quantified and 

compared between the experimental groups to determine the statistical significance. The 

following mouse strains were subjected to SD-OCT imaging: Abca4−/−Rdh8−/−, Galr3−/− on 

Balb/cJ background, and Balb/cJ. Six mice were used in each experimental group.

Retinal Histology

Mouse eyes (n = 6 per group) were collected from euthanized mice and fixed in 0.5% 

glutaraldehyde in 2% paraformaldehyde (PFA) in PBS for 24 h at RT on a rocking platform 

followed by their incubation in 1% PFA for 48 h at RT. These eyes were embedded in 

paraffin and sectioned. Sections (5 μm thick) were stained with hematoxylin and eosin 

(H&E). The retina imaging was performed with a ZEISS Axio Scan.Z1 slide scanner (Carl 

Zeiss Microscopy GmBH, Jena, Germany) and analyzed using Zeiss-Zen 3.2 software (blue 

edition).

Immunohistochemistry

To detect rod and cone photoreceptors in the retina, eyes were collected from the following 

groups of mice: (1) dark-adapted, and vehicle or SNAP-37889-treated, exposed to bright 

light Abca4−/−Rdh8−/−, and Balb/cJ WT mice, (2) Galr3−/− on Balb/cJ background mice, 

which were either dark-adapted or exposed to bright light, (3) C57BL/6J WT and Galr3−/− 

on C57BL/6J background mice (2, 4 and 8-months-old), and (4) Galr3−/−RhoP23H/+ and 

RhoP23H/+ mice at P33. Eyes were fixed in 4% PFA for 24 h followed by their incubation in 

1% PFA for 48 h at RT. Cryosections, 8 μm thick, prepared from fixed eyes were blocked 

with 10% normal goat serum (NGS) and 0.3% Triton X-100 in PBS for 1 h at RT and 

then stained overnight at 4°C with a monoclonal mouse 1D4 anti-Rho primary antibody 

to visualize rod photoreceptors and biotinylated peanut agglutinin (PNA) (1:500 dilution) 

to visualize cone photoreceptors. The next day, sections were washed with PBS, followed 

by the 2 h incubation with the secondary antibody at RT, Alexa Fluor 555-conjugated goat 

anti-mouse secondary antibody (1:400 dilution) to detect rods and Fluor 488-conjugated 

streptavidin (1:500 dilution) to detect cones. To determine the localization of GALR3 in the 

mouse retina, the retina sections were stained with a rabbit polyclonal anti-GALR3 antibody 

recognizing the extracellular motif (1:200 dilution). The expression level of GFAP was 

detected with a rabbit polyclonal anti-GFAP antibody (1:1000). Cell nuclei were detected by 

staining with DAPI. Slides were coverslipped with Fluoromount-G (SouthernBiotech).

ERG

To examine the effect of the genotype and SNAP-37889 treatment on retinal function 

electroretinography (ERG) was performed. Scotopic and photopic ERGs were recorded 

for both eyes of each mouse using a Celeris rodent ERG system and Espion Dyagnosys 

software Version 6 (Dyagnosys, LLC, Lowell, MA). The ERG data were processed for each 

experimental group and presented as mean and standard deviation (S.D.) for both a-wave 

and b-wave amplitudes. Each experimental group contained n = 5 mice.
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Purification of Rho

Mouse eyes, collected under dim red light (n = 6) per group were gently homogenized in a 

glass-glass homogenizer in 2 ml of 20 mM Bis-tris propane (BTP), 120 mM NaCl, 1 mM 

EDTA, and protease inhibitor cocktail, pH 7.5, followed by centrifugation at 16,000g for 

10 min at 4 °C. The supernatants were discarded, while pellets were incubated in 20 mM 

BTP, 120 mM NaCl, 20 mM n-dodecyl-β-D-maltopyranoside (DDM), and protease inhibitor 

cocktail, pH 7.5 for 1 h at 4 °C on nutator to solubilize the membranes. The lysates were 

centrifuged at 100,000g for 1 h at 4 °C and Rho was purified from the supernatant by 

immunoaffinity chromatography with an anti-Rho C-terminal 1D4 antibody immobilized on 

CNBr-activated agarose. Three hundred μl of 6 mg 1D4/ml agarose beads were added to the 

supernatant and incubated for 1 h at 4 °C on the nutator. The resin was then transferred to 

a column and washed with 15 ml of 20 mM BTP, 120 mM NaCl, and 2 mM DDM, pH 7.5. 

Rho was eluted with the same buffer, supplemented with 0.6 mg/ml of the TETSQVAPA 

peptide. The UV-visible spectra of freshly purified Rho samples were measured in the dark 

with a UV-visible spectrophotometer (Cary 60, Varian, Palo Alto, CA).

Retinoid Analysis

Retinoids were extracted from mouse eyes (n = 5 mice/ group) collected under dim red light 

by using the established procedures [47]. Briefly, eyes were homogenized in methanol/PBS 

(50/50 volume/volume) solution, containing hydroxylamine (pH 7.5) added to 40 mM 

final concentration, followed by 20 min incubation at RT. The obtained retinal oximes 

were extracted with hexane and their isomeric content was determined by normal phase 

high-performance liquid chromatography (HPLC) with a Luna 10 μm PRE-Silica 100 Å, 

250 × 4.6 mm column (Beckman, San Ramon, CA) (3). Retinoids were eluted isocratically 

with 10% ethyl acetate in hexane at a flow rate of 1.4 ml/min. Their signals were detected by 

absorption at 360 nm [48].

Immunoblotting

The proteins were extracted from the whole mouse eyes. Five mice per treatment group 

were used. The eyes were mechanically homogenized in an NP40 lysis buffer (Invitrogen) 

containing a protease inhibitor cocktail (Roche) followed by 30 min incubation at 4 °C. 

The lysates were centrifuged at 12,000g for 15 min at 4 °C. The protein concentration was 

measured with a BCA Protein Assay Kit (Thermo Fisher Scientific) with bovine serum 

albumin as a standard. The protein extract (50 μg/lane) was mixed with a sample buffer and 

loaded on an SDS-PAGE gel. The protein samples were separated with 10% SDS-PAGE 

gel electrophoresis and then transferred to a polyvinylidene difluoride (PVDF) membrane 

(Millipore). The PVDF membrane was incubated with the primary antibodies followed 

by horseradish peroxidase (HRP)-conjugated anti-mouse or anti-rabbit secondary antibody 

listed in Table 1. The immunoblots were developed with a ProSignal reagents kit and the 

Odyssey Imaging System (LI-COR, Biosciences). GAPDH was used as the loading control.

Cell Culture

The ATCC ARPE19 and HEK-293T cells were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM) with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT), and 1 unit/ml 
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penicillin with 1 μg/ml streptomycin (Life Technologies) at 37 °C under 5% CO2 according 

to the instructions from the ATCC Animal Cell Culture Guide. The experiments were 

conducted within cell passages of 10–15.

Transfection

The HEK-293T cells were plated into a 10 cm diameter plate. The next day, at ~80% 

confluency, these cells were transiently transfected with mouse pCMV6-GALR3-(Myc-

DDK-tagged) constructs (OriGene Technologies, Rockville, MD) using polyethyleneimine 

[49, 50]. Forty eight hours after transfection cells were collected and immediately used for 

protein extract preparation or the cell pellet was kept at − 80 °C.

Cell Viability Assay

The ARPE19 cells were seeded in a 96-well plate at a density of 30,000 cells/ well in 85 

μl of DMEM medium containing 10% FBS and antibiotics. Sixteen hours later different 

concentrations of SNAP-37889 (0.0001 – 1 μM) or all-trans-retinal (0.3 – 30 μM) were 

added to the cells for 1 h or 24 h. Alternatively, cells were treated with 0.5 μM SNAP-37889 

for 30 min followed by galnon stimulation (0.05 μM for 30 min), and later the addition of 

all-trans-retinal at 10 or 30 μM for either 1 or 24 h. The effect of galnon (0.0001 – 1 μM) on 

cell viability was also examined. The cell viability was examined with the MTT proliferation 

assay (Sigma) [51]. The percentage of viable cells under these conditions was calculated.

cAMP Detection Assay

The ARPE19 cells were plated in two 96-well plates at a density of 50,000 cells/ well in 85 

μl of DMEM medium containing 10% FBS and antibiotics. Sixteen hours after seeding the 

cells were treated with SNAP-37889 at 10 μM concentrations for 30 min. Next, galnon at 

0.001, 0.1, or 1 μM was added for 30 min. Levels of accumulated cAMP were detected with 

the cAMP-Glo™ kit (Promega) following the manufacturer’s protocol. The luminescence 

signal was recorded with a FlexStation 3 plate reader (Molecular Devices). The cAMP 

provided by the kit was used to prepare the standard curve. The percentage of cAMP was 

calculated for each condition, assuming the cAMP level detected in the non-treated cells as 

100%. Each condition was performed in triplicate and the experiment was repeated.

Cell Death Detection

To quantify the apoptotic retinal cells the TdT-mediated d-UTP-X nick end labeling 

(TUNEL) was performed using in situ death detection kit (Roche) according to the 

manufacturer’s protocol. The retinal cryosections (8 μm thick) were incubated in PBS with 

1% Triton X-100 (v/v) for 8 min at RT followed by the incubation with TUNEL mix reagent 

for 1 h at °C in the humidity chamber in the dark. Then, the slides were washed 4 times with 

PBS, mounted in Fluoromount-G, coverslipped, and imaged.

RT-qPCR

The selected gene expression analysis was carried out in mouse eyes collected from n 

= 5 mice per treatment group. RNA isolation was obtained from the whole eye extracts 

by using the Qiagen RNeasy Miniprep Kit following the manufacturer’s protocol. Then, 
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the samples were treated with DNase I and RNA concentration was determined using a 

nanodrop spectrophotometer (Thermo Fisher Scientific). The RNA served as a template to 

obtain cDNA by using the QuantiTect Reverse Transcription Kit (Qiagen) following the 

manufacturer’s protocol. Quantitative RT-PCR amplification was performed using LUNA 

NEB SYBR Green Master Mix (NEB) using the StepOnePlus Real-Time PCR system 

(Applied Biosystems). The PCR conditions were as follows: 95°C for 3 min followed by 40 

cycles of 95°C for 20 s and 60°C for 60 s. Fluorescence data were acquired at the step of 

60°C and a Melt curve step was added. Gapdh was used as a control housekeeping gene. All 

data were normalized to the Gapdh expression level, and the fold change was calculated for 

each gene. The Ct values were obtained from the amplification curve analysis using StepOne 

software version 2.3. The gene expression was measured using the comparative 2−(ΔΔCt) 

method. All primers used in this study are listed in Table 2.

Statistical Analyses

The detection of cAMP levels was performed in triplicates and repeated two times. 

Immunoblots were performed 3 times and protein bands were quantified using ImageJ 

software. Each assay included positive and negative controls. The data obtained from these 

analyses were shown as an average and standard deviation (S.D). For multiple comparisons, 

one or two-way ANOVA with Turkey’s post hoc tests were used. All statistical calculations 

were performed using the Prism GraphPad 7.02 software. Type 1 error tolerance for 

the experiments was established at 5%. Values of P < 0.05 were considered statistically 

significant. Distinct personnel carried out the collection of data and its statistical analysis.

RESULTS

Inhibition of GALR3 signaling negatively modulates all-trans-retinal toxicity.

Aberrant metabolism of all-trans-retinal and its byproducts is a hallmark of retina 

degeneration associated with aging and Stargardt disease [33, 34, 52, 53]. RPE cells are 

especially vulnerable to the toxicity of retinoid byproducts [53–55]. Modulation of GPCR 

signaling can lessen all-trans-retinal toxicity and alleviate retina degeneration [31]. To 

inspect if GALR3-mediated signaling plays a role in all-trans-retinal toxicity and if its 

modulation can mitigate or delay retina degeneration, we first used a simplified system of 

the RPE-derived human ARPE19 cells to assess the expression of GALRs in this model. 

We found that the ARPE19 cells express GALR3 along with GALR2, but GALR1 was 

not detected (Fig. 1A). The GALRs signaling was evidenced by a decrease in the cAMP 

cellular pool after the stimulation with a small molecule agonist of GALRs, galnon, in a 

dose-response fashion (Fig. 1B). To modulate the GALR3 response, we employed a well-

known GALR3-specific antagonist, SNAP-37889 [16]. Treatment with SNAP-37889 did not 

affect Gi-related signaling in the ARPE19 cells in the absence of the agonist. However, prior 

treatment with SNAP-37889 efficiently inhibited signal transduction in cells later stimulated 

with galnon (Fig. 1B). Moreover, SNAP-37889 or galnon at 0 – 1 μM concentration did not 

change cell viability up to 24 h incubation (Fig. 1D and Fig. S1).

Next, we examined if modulation of GALR3-mediated signaling with the specific inhibitor 

of this receptor SNAP-37889 can ameliorate the toxic effects of all-trans-retinal. The 
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exposure of the ARPE19 cells to all-trans-retinal (0.3 – 60 μM) evidently decreased the 

number of viable cells by ~10 to 40% in a concentration-dependent manner detected after 

1 h incubation and by ~30 to 80% detected after 24 h incubation with the stressor (Fig. 

1C). However, pretreatment of cells with SNAP-37889 at 0.5 and 1 μM before adding 

all-trans-retinal resulted in a substantial enhancement of cell survival (Fig. S2). Treatment 

of the ARPE19 cells with 0.05 μM galnon agonist prior to all-trans-retinal stress slightly 

exacerbated the all-trans-retinal toxicity, while pretreatment with 0.5 μM SNAP-37889 prior 

to stimulation of GALR3 with galnon resulted in the protection of cells against all-trans-

retinal toxicity detected 1 h and 24 h after exposure to the stressor (Fig. 1E–F). These results 

encouraged further study in mice susceptible to bright light-induced retina degeneration 

to test the effectiveness of inhibition of the GALR3-mediated signaling as a strategy for 

protecting the health of the retina.

GALR3 is expressed in the mouse retina

The expression of GALR3 in the human eye was reported previously [19]. GALR3 

immunoreactivity was found in the choroidal neurons, nerve fibers of the choroidal stroma, 

the choroidal blood vessels, and choriocapillaris. GALR3 was also present in the inner 

nuclear layer (INL) and retinal pigment epithelium (RPE) of the human retina. By using 

immunohistochemistry and mouse eye cryosections, we confirmed that GALR3 is expressed 

in the neurons located within the INL, in the RPE cells, and the ganglion cells in the 

retinas of Abca4−/−Rdh8−/− and WT mice (Fig. 1G, Fig. S3, and Fig. S4). Abca4−/−Rdh8−/− 

mice feature many hallmarks of human Stargardt disease, a juvenile AMD [33, 34]. 

Due to the ablation of two genes encoding ABCA 4 transporter (Abca4) and retinol 

dehydrogenase 8 (Rdh8), which are critical for retinoid homeostasis, these mice develop 

severe retinal degeneration in response to bright light exposure. Accumulating free all-trans-

retinal released upon illumination and its byproducts activate inflammatory responses that 

aggravate degenerative processes in these mice photoreceptors. GALR3 signaling is involved 

in the modulation of various inflammatory processes, including neuroinflammation. Thus, 

we sought to examine if inhibition of GALR3 signaling could protect retinas from light-

induced retinal degeneration. First, we examined if bright light insult has an effect on 

the expression of GALR3 in the eyes of Abca4−/−Rdh8−/− mice. Interestingly, the mRNA 

expression of GALR3 was increased in the eyes of these mice exposed to bright light seven 

days later by ~4 folds as compared to dark-adapted mice and protein expression increased by 

~1.2 fold (Fig. 1H–I). Moreover, the mRNA expression of the endogenous GALR3 agonist, 

spexin was also elevated on day seven post illumination by ~4 folds. Thus, the exposure of 

Abca4−/−Rdh8−/− mice to excessive light stimulated changes in the expression of GALR3 

suggesting the involvement of the GALR3-mediated signaling in the retina degenerative 

processes triggered by intense light stress.

Pharmacological inhibition of GALR3 protects the retina of Abca4−/−Rdh8−/− mice from 
light-induced retina degeneration.

GALR3-mediated signaling is associated with neurodegeneration, including Alzheimer’s 

disease [13]. GALR3 is also involved in the regulation of inflammatory processes associated 

with progressive degeneration [11, 56]. Inflammation is one of the hallmarks of retina 

degeneration induced by excessive light in Abca4−/−Rdh8−/− mice [33, 34]. As reported 

Ortega et al. Page 10

Pharmacol Res. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



previously, modulation of the GPCR-mediated signaling in these mice protected retinas from 

light-induced degeneration. Thus, we sought to investigate if inhibition of GALR3 could 

serve as a protective mechanism to alleviate degenerative processes triggered by exposure 

to bright light. Abca4−/−Rdh8−/− mice were administered with either a specific inhibitor 

of GALR3, SNAP-37889, or vehicle 30 min before illumination, and then exposed to 

10,000 lux light for 30 min (Fig. 2A). Control mice were kept in the dark. The analysis 

of retina morphology seven days later by SD-OCT imaging revealed that as expected 

photoreceptors in the vehicle-treated mice were severely damaged. However, the retinas of 

mice treated with the GALR3 inhibitor appeared healthy and closely resembled the retinas 

of the dark-adapted mice (Fig. 2B–C). Light-induced retinal degeneration is associated 

with the activation of the immune response. Activated glial cells and the retina infiltrating 

macrophages can be visualized in the whole fundus with spectral domain ophthalmoscopy 

(SLO) as autofluorescence (AF) spots. The abundance of AF spots was detected in the 

retinas of Abca4−/−Rdh8−/− mice injured with light. However, they were not detected in 

mice pretreated with SNAP-37889 (Fig. 2D–E). The structural organization of the retina 

was also inspected in the H&E-stained retinal sections and cryosections labeled with 

1D4 antibodies recognizing Rho to detect rod photoreceptors and peanut agglutinin to 

detect cone photoreceptors. Both analyses indicated severe photoreceptor damage in mice 

treated with the vehicle and illuminated with bright light, while the retinas of mice treated 

with SNAP-37889 before illumination closely resembled those of unexposed mice (Fig. 

2F–G). In addition, retinal function assessed by a recording of the electroretinography 

(ERG) responses was preserved in mice treated with the GALR3 inhibitor. Both a- and 

b-wave amplitudes closely resembled the responses of dark-adapted control mice (Fig. 2H). 

Together, these results indicate the importance of GALR3 signaling in the progression of 

degenerative processes in the retina associated with intense light exposure.

Pharmacological inhibition of GALR3 protects the retina of WT mice from light-induced 
retina degeneration.

The effect of GALR3 inhibition with SNAP-37889 on light-induced retina degeneration was 

also examined in the WT Balb/cJ mice. These albino mice are susceptible to retina damage 

upon exposure to intense light. We used a similar treatment strategy with SNAP-37889 as 

developed for Abca4−/−Rdh8−/− mice (Fig. 2A). Seven days after illumination, the retina of 

the vehicle-treated mice was severely damaged with the ONL layer substantially thinner due 

to photoreceptors death. However, the retina morphology of SNAP-37889-treated mice prior 

to light exposure was similar to the dark-adapted mice (Fig. 3A–B and E-F). The number 

of AF that largely increased in the light-exposed mice, in mice treated with SNAP-37889 

before illumination closely resembled the AF number found in unexposed mice (Fig. 3C–

D). An inhibition of GALR3 was also advantageous for retinal function as detected in the 

ERG responses. Both, the scotopic a- and b-waves, and photopic b-waves were substantially 

improved in mice treated with SNAP-37889 prior to illumination (Fig. 3G). Altogether, our 

results indicated the beneficial effect of GALR3 inhibition on retinal health counteracting 

the damaging effects of bright light-induced retina degeneration in both Abca4−/−Rdh8−/− 

and WT mice.
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Genetic ablation of GALR3 prevents light-induced retina damage.

To gain more evidence that GALR3 could be a novel pharmacological target in retinal 

degenerative diseases, we examined if genetic depletion of Galr3 could preserve the retina 

morphology and function under bright light stress. Thus, Galr3−/− mice were cross bread 

with Balb/cJ mice to establish Galr3−/− mice susceptible to acute light retina injury (Fig. 

S5). Six to eight-month-old Galr3−/− mice were exposed to bright light along with the 

WT Balb/cJ mice as a control (Fig. 4 and Fig. 3). While WT mice after seven days from 

illumination developed severe retina degeneration, the retinas of mice lacking Galr3 were 

less sensitive to bright light injury.

The in vivo SD-OCT imaging showed that the overall retina morphology and the ONL 

thickness in Galr3−/− illuminated mice were similar to those in unexposed mice (Fig. 4A–

B). The increase of AF spots that accumulate upon illumination with excessive light in 

WT Balb/cJ mice was not detected in Galr3−/− mice (Fig. 4C–D). The retina structure 

examined by H&E staining and immunohistochemical detection of photoreceptors did not 

reveal major differences between unexposed and illuminated Galr3−/− mice (Fig. 4E–F). The 

ERG responses were slightly lower in Galr3−/− mice exposed to bright light insult (Fig. 4G). 

However, the ERG amplitudes were substantially higher in these mice as compared to WT 

Balb/cJ mice exposed to light (Fig. 4H). Together, these results indicate that modulation 

of GALR3 signaling could be advantageous in efforts to develop novel treatments for 

retinopathies associated with toxicity of bright light.

Inhibition of GALR3 signaling prevents photoreceptor cell death

To confirm the beneficial effects of GALR3 inhibition on retinal health, we examined levels 

of Rho and M cone opsin in the retinas of WT Balb/cJ mice dark-adapted, exposed to 

bright light, and treated with SNAP-37889 prior to illumination, as well as unexposed and 

illuminated Galr3−/− mice. Rho is a major structural protein required for the development 

of rod outer segments (ROS) in the rod photoreceptors and the visual receptor activated 

by photons. Thus, its unaffected expression is critical for proper retina morphology and 

rod function. The levels of Rho examined by the immunoaffinity purification confirmed the 

lesser concentration of this receptor in WT Balb/cJ mice exposed to light stress (Fig. 5A, 

left panel, and B). However, Rho levels were substantially higher in these mice pretreated 

with GALR3-specific inhibitor SNAP37889 prior to light injury (Fig. 5A, left panel, and B). 

In Galr3−/− mice, we did not detect any difference in the levels of Rho between illuminated 

and unexposed mice (Fig. 5A, right panel, and B). In addition, no major differences in 

Rho levels were found between WT and Galr3−/− mice unexposed to light. Similarly, 

levels of M cone opsin were affected by light exposure in WT Balb/cJ mice, but either 

pharmacological or genetic depletion of GALR3 signaling resulted in higher M cone opsin 

levels (Fig. 5C–D and Fig. S6). As inspected by RT-qPCR both pharmacological treatment 

with GALR3 inhibitor and ablation of Galr3 gene resulted in stimulation of the expression 

of Rho and M cone opsin in retinas of mice exposed to light, suggesting that the change in 

the expression of these key photoreceptor proteins is critical for maintaining retina health 

under the excessive light stressor (Fig. 5E–F).
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Inhibition of GALR3 signaling modulates light-induced inflammatory processes in the 
retina

Exposure of mice to excessive light leads to the activation of retinal inflammation. Among 

other factors, this process is associated with the elevation of glial fibrillary acidic protein 

(GFAP) in the retina. Indeed, an increased level of GFAP was detected in WT Balb/cJ mice 

injured with bright light. Interestingly, in both WT Balb/cJ mice treated with SNAP-37889 

and in Galr3−/− mice exposed to light, levels of GFAP were comparable to those detected 

in unexposed mice (Fig. 6A–C). The inflammatory processes occurring in the retina 

injured with bright light induced the programmed cell death of photoreceptor cells. Dying 

photoreceptors were detected in the retinas of light-exposed WT Balb/cJ mice by using the 

TUNEL staining analysis. Interestingly, treatment with the GALR3 inhibitor SNAP-37889 

prior to illumination protected the retina health in these mice (Fig. 6D–E). Similarly, genetic 

depletion of GALR3 inhibited the apoptotic processes induced by bright light. TUNEL-

positive photoreceptor cells were not found in Galr3−/− mice exposed to light (Fig. 6D–E). 

In addition, elevated levels of several apoptosis-associated markers such as interleukin 1-β 
(IL1-β), interleukin 6 (IL6), chemokine 2 (CCL2), and tumor necrosis factor α (TNF-α) 

were found in WT Balb/cJ mice exposed to bright light. The expression of these markers 

was substantially reduced in these mice pre-treated with SNAP-37889 prior to illumination 

(Fig. 6F). Interestingly, the levels of IL1-β, IL6, CCL2, and TNF-α were not changed in 

Galr3−/− mice exposed to light as compared to unexposed mice (Fig. 6F). Together, these 

results indicate that inhibition of GALR3 prevents activation of light-triggered inflammation 

in the retina and protects the retinal cells from apoptosis.

Depletion of Galr3 does not affect retinal homeostasis

The effect of the depletion of GALR3-mediated signaling on normal retinal physiology 

was inspected in two, four, and eight-month-old Galr3−/− mice on C57BL/6J background. 

We examined the retina morphology, measured levels of visual receptors Rho and M cone 

opsin, quantified levels of 11-cis-retinal, and measured retina function in these mice, and 

compared them to the WT C57BL/6J control mice. To evaluate retina morphology we used 

in vivo SD-OCT imaging and histological analyses (Fig. 7A–C). No major differences in 

the retina structure and the thickness of the ONL layer were noticed between Galr3−/− 

mice and age-matched littermates of WT mice. The expression of Rho and cone opsin was 

detected in cryosections and by immunoblotting (Fig. 7D–F and Fig. S7). The overall retina 

morphology in Galr3−/− mice and age-matched littermates of WT mice appeared similar. 

The immunoblot analysis showed similar levels of Rho and M cone opsin in two-months-old 

Galr3−/− mice and in the WT age-matched littermates, while the levels of these receptors 

were slightly higher in four and eight-months-old Galr3−/− mice than in WT mice. On 

the other hand, levels of 11-cis-retinal per eye were similar in both Galr3−/− and WT age-

matched littermate mice (Fig. 7G–H). These results indicate that lack of GALR3 expression 

has no negative effect on the expression of Rho and cone opsin receptors. The scotopic and 

photopic ERG responses were also very similar between agematched littermates of Galr3−/− 

and WT mice (Fig. 7I). Altogether, no major changes in retinal homeostasis were triggered 

by the depletion of the GALR3 signaling under normal physiological conditions.
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Modulation of GALR3 signaling slows down photoreceptors death in retinitis pigmentosa

One of the major hallmarks of retinitis pigmentosa (RP) is retinal inflammation triggered 

by persistent insult associated with the abnormal genetic background that causes the 

death of photoreceptors. A large number of RP cases is related to mutations in Rho, 

the rod visual receptor. Inhibition of inflammation is one of the therapeutic possibilities 

to combat RP pathology [57]. GALR3 is involved in the regulation of inflammatory 

processes in irreversible degeneration [11, 56]. Thus, we sought to investigate if inhibition 

of GALR3 signaling in P23H Rho knock-in mice, a model of RP could slow down 

photoreceptor cell death. To generate P23H Rho mice genetically depleted from GALR3 

(RhoP23H/+Galr3−/− mice), we crossbred Rho P23H knock-in mice with Galr3−/− mice. 

Of note, both Galr3−/− and P23H Rho knock-in mice have the same C57BL/6 mouse 

background. Alternatively, the GALR3-mediated signaling in Rho P23H mice was inhibited 

with SNAP-37889, which was administered to these mice every other day from P21 to 

P33, according to the treatment strategy developed by us previously [58, 59]. The effect 

of GALR3 ablation and pharmacological inhibition on the retina structure and function 

was examined in 1-month-old mice at P33. The in vivo SD-OCT imaging and histological 

examination revealed substantial improvement in the thickness of the ONL layer in the 

retina in both RhoP23H/+Galr3−/− mice and RhoP23H/+ mice treated with SNAP-37889 as 

compared to non-treated RhoP23H/+ mice, indicating enhanced survival of photoreceptors 

upon inhibition of the GALR3-mediated signaling (Fig. 8A–D). The increased levels of the 

visual receptors in RhoP23H/+ mice upon pharmacological inhibition or genetic depletion 

of GALR3 signaling were confirmed by detecting elevated concentrations of 11-cis-retinal, 

the natural chromophore of both Rho, and cone opsins (Fig. 8E). The morphology of rod 

and cone photoreceptors in RhoP23H/+Galr3−/− mice were also improved as compared to 

RhoP23H/+ mice (Fig. 8F). In addition, the scotopic ERG responses were noticeably greater 

in RhoP23H/+Galr3−/− and in RhoP23H/+ mice treated with SNAP-37889 as compared to 

RhoP23H/+ mice (Fig. 8H). However, blocking of GALR3 signaling only slightly changed the 

amplitude of the photopic ERG responses for the highest illumination intensity. Although 

the observed changes did not reach the levels observed in WT mice (Fig. S8), significant 

improvements in the retina morphology and function were noticed in RhoP23H/+ with 

either genetically or pharmacologically blocked GALR3 signaling. Together our results 

indicate that targeting GALR3-mediated signaling should be explored as a possibility for the 

development of new treatment strategies against both acute and chronic retinal degeneration.

DISCUSSION

Eye degenerative diseases are associated with a disruption in retinal homeostasis, where 

an imbalance in the supply of nutrients and the accumulation of toxic metabolites 

act as pathological drivers [21]. The RPE and host immune cells, including microglia 

and Müller cells, are key to maintaining retina homeostasis [21, 57, 60]. These cells 

express various GPCRs, critical for their function, which under stress conditions could 

potentiate the inflammatory response aggravating the degeneration of retinal tissue [19, 

22–25]. Thus, the modulation of GPCR signaling provides a well-recognized platform 

with neuroprotective potential. As shown before, the beneficial effects of preventing or 

slowing down degenerative processes in the retina could be achieved by targeting the 
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visual receptor rod opsin or by modulating the GPCRs associated with the activation of 

the cellular stress response pathways [43, 61]. In this study, we focused on the role of 

GALR3, a class A GPCR broadly expressed in the CNS, where its role has been associated 

with the modulation of inflammatory and immune responses [1]. Interestingly, GALR3 

was found in the human retina, especially in the RPE cells and choroidal blood vessels, 

indicating that this receptor could play a role in eye homeostasis associated with signal 

transduction, vessel dynamics, and regulation of inflammatory processes [2, 4, 19, 26, 62]. 

Thus, to gain a deeper understanding of the role of GALR3 in retina degeneration, first, we 

investigated if GALR3 signaling is involved in the RPE cellular stress response related to the 

toxicity of all-trans-retinal, a photoproduct implicated in light-induced retina degeneration 

[34, 53]. We used the RPE-derived ARPE19 cell, a standard model to evaluate the toxic 

effect of all-trans-retinal and its byproducts in vitro [63–65]. We confirmed that GALR3 

is expressed in these cells, and responds to the stimulation with GALRs-targeting small 

molecule ligand, galnon through the canonical signaling pathway decreasing the cellular 

pool of cAMP. Furthermore, we corroborated that pre-treatment of these cells with GALR3-

specific antagonist SNAP-37889 blocks this signaling, similarly to other CNS-related cell 

models [66]. Also, we found that the effect of all-trans-retinal toxicity on ARPE19 cells 

could be modulated with a GALR3 agonist or antagonist, suggesting that GALR3-mediated 

signaling could be involved in the pathology of retinal degeneration. These positive in vitro 
results encouraged further in vivo studies to evaluate the role of GALR3 in response to 

stress in the retina and to examine the potential of GALR3-mediated signaling inhibition as 

a strategy for protecting retinal health.

First, we used Abca4−/−Rdh8−/− mice, which lack two key enzymes involved in all-trans-

retinal metabolism [34]. The aberrant clearance of all-trans-retinal results in an excessive 

concentration of all-trans-retinal and its byproducts that accumulate in the RPE and 

activate inflammatory responses damaging photoreceptor cells [67]. As we found in this 

study, the exposure of Abca4−/−Rdh8−/− mice to intense light resulted in an increased 

expression of GALR3 and its ligand spexin. Remarkably, treatment of these mice with 

GALR3 antagonist SNAP-37889 before illumination mitigated photoreceptors damage. An 

inhibition of GALR3 signaling was also beneficial in WT Balb/cJ mice, which due to 

lack of pigmentation in the retina are susceptible to light-induced retina degeneration [68, 

69]. Treatment with SNAP-37889 prior to light exposure protected retina health in these 

mice. Furthermore, the genetic ablation of GALR3 in WT Balb/cJ mice also decreased the 

susceptibility to bright light-induced retina injury.

The pathological response to excessive illumination in Abca4−/−Rdh8−/− and WT Balb/cJ 

mice retinas is associated with metabolic changes and oxidative stress, followed by 

an enhanced expression of proinflammatory chemokines released by immune cells and 

activation of the apoptotic pathways [63, 70]. Interestingly, pharmacological inhibition of 

GALR3-mediated signaling or genetic depletion of GALR3 resulted in a decrease of the 

main markers associated with inflammatory stress response and prolonged the survival of 

photoreceptor cells. These results are in concordance with previous reports showing that 

modulation of inflammatory and oxidative stress response in Abca4−/−Rdh8−/− and WT 

Balb/cJ mice prevent retina degeneration [44]. Importantly, under normal physiological 

conditions, the absence of GALR3 had no negative effects on the overall retina homeostasis, 
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including retina structure, the expression of the main visual receptors, and retina function. 

Of note, as reported by others, lack of GALR3 expression was associated with reduced 

levels of multiple inflammatory cytokines in immune cells residing in the skin, indicating 

anti-inflammatory consequences of downregulation of GALR3 signaling [11]. Also, 

pharmacological inhibition of GALR3 ameliorated inflammation in acute pancreatitis [12]. 

Thus, the results obtained in the light-induced retina damage models encouraged us to 

evaluate GALR3 as a possible therapeutic target in RP-linked retina degeneration, in which 

inflammatory responses are triggered by the continuous insult of inherited mutation. The 

underlying mechanism of RP pathology and the progression of photoreceptor death remains 

not fully understood. However, the accumulation of misfolded Rho in the ER membranes, 

which triggers activation of the unfolded protein response (UPR) is the major hallmark 

of Rho-associated RP [40, 71, 72]. In addition, degenerating rods cause a decrease in 

oxygen consumption, resulting in an excess of oxygen in the outer retina that leads to 

an increase in the concentration of redox species in this tissue [40]. The imbalance of 

redox species and activation of stress signaling pathways activating apoptosis are common 

features of light-induced and RP retina pathologies. Of note, in hypothalamic neurons, 

increased concentration of redox species triggered the ER stress response inducing the 

activation of Bax/Bcl2-related cell death, which correlated with an enhanced expression of 

GALR2, GALR3, and spexin in these neurons [73]. Remarkably, in the RP-related mouse 

model carrying the P23H mutation in Rho, both the treatment with GALR3 antagonist and 

genetic ablation of this receptor enhanced the survival of photoreceptors. Retina function 

and morphology of rod and cone photoreceptors in RhoP23H/+Galr3−/− and RhoP23H/+ mice 

treated with GALR3 inhibitor were greatly improved as compared to RhoP23H/+ mice. Of 

note, the slightly lesser effect of the pharmacological inhibition as compared to the genetic 

ablation of GALR3 may suggest that the dosing regimen could be optimized or novel 

GALR3 inhibitors could be evaluated for a better outcome. Together, for the first time, we 

have demonstrated that GALR3-mediated signaling could be implicated in the progression 

of degenerative pathologies in the retina. The beneficial effects related to the negative 

modulation of GALR3 signaling could be associated with a decrease in the overall activation 

of stress response cellular pathways and reduced levels of inflammatory responses. Thus, 

the results presented in this work point out GALR3 as a possible target to explore for the 

development of new treatment strategies for both acute and chronic retinopathies.

The GALRs signaling is complex. It not only involves three receptors GALR1–3, but these 

receptors can form homo and hetero-dimers, which increases the challenge to study the 

molecular signaling of GALRs in detail in a specific tissue [74–76]. Moreover, despite 

GALR3, also GALR2 is expressed in the retina, which may hinder full data interpretation. 

Therefore, there is a need for a follow-up study examining the effect of GALR2 inhibition 

on retina pathologies. Also, the development of novel GALR3 analogs with high specificity 

would validate the results presented here.

In conclusion, based on the results presented in this work, for the first time we showed 

that GALR3 could play a pivotal role in the pathological onset of acute and chronic 

retinopathies. Therefore, the potential of GALR3 as a target for the development of 

treatments against retina degenerative diseases should be further investigated.

Ortega et al. Page 16

Pharmacol Res. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

This research was supported partially by grants from the National Institute of Health (NIH) (EY032874 to B.J.). 
The authors thank the Visual Science Research Center Core at Case Western Reserve University (supported by the 
NIH grant P30 EY011373) with special gratitude directed to Catherine Doller for assistance with mouse eye tissue 
sectioning and H&E staining, Dawn Doller for preparing mouse eye cryosections, and Maryanne Pendergast for 
assistance in slide imaging. We thank Dr. Marcin Golczak for measuring the light spectrum of the bulbs used in the 
light damage experiments.

ABBREVIATIONS

adRP autosomal dominant retinitis pigmentosa

AF autofluorescence

AMD age-related macular degeneration

bw(s) body weight(s)

cAMP cyclic adenosine monophosphate

ER endoplasmic reticulum

ERG electroretinography

DAPI 4’6’-diamidino-2-phenyl-indole

DMSO dimethyl sulfoxide

GPCR G protein-coupled receptor

INL inner nuclear layer

ONH optic nerve head

ONL outer nuclear layer

PNA peanut agglutinin

ROS rod outer segments

RP retinitis pigmentosa

RPE retinal pigment epithelium

RT room temperature

S.D. standard deviation

SD-OCT spectral domain-optic coherence tomography

SLO scanning laser ophthalmoscopy
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Figure 1. Modulation of GALR3 signaling in the RPE-derived cells and the GALR3 expression in 
the mouse retina.
A, The expression of GALR2 and GALR3, but not GALR1 was detected in the protein 

extract prepared from the ARPE19 cells. The upper bands ~100 KDa detected with an 

anti-GALR1 antibody and ~70 KDa detected with an anti-GALR3 antibody are most 

likely unspecific. The representative immunoblots are shown. B, An inhibition of GALR3 

with its specific antagonist SNAP-3788 modulates negatively signaling in the ARPE19 

cells stimulated with galnon agonist. C-D, Cytotoxicity of all-trans-retinal and SNAP-3788 

examined in the ARPE19 cells, respectively. Cells were treated with various doses of each 

compound for 1 h or 24 h and their effect on cell viability was determined. E-F, The effect 

of treatment with SNAP-3788 (0.5 μM) on the viability of the ARPE19 cells exposed to 

all-trans-retinal (at 10 and 30 μM) for 1 h or 24 h, which were stimulated with galnon 

(0.05 μM) prior to all-trans-retinal stress. Error bars represent standard deviation (S.D.). 

Statistically different changes are shown in the figure. G, GALR3-immunoreactivity (red) 

was detected on cryosections of Abca4−/−Rdh8−/− mouse eyes, in the inner nuclear layer 

(INL), ganglion cells, and in the retinal pigment epithelium (RPE). RPE cells were also 

labeled with monoclonal anti-RPE65 protein (green) antibody. H, The RT-qPCR analysis of 
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the expression of Galr3 and its native agonist Spexin in the eyes of Abca4−/−Rdh8−/− mice 

exposed to bright light detected 24 h and 7 days after illumination. The expression of these 

genes was normalized to the expression of Gapdh. The mean of data from three independent 

experiments is shown as a fold change of these genes expression in dark-adapted mice. 

I, Immunoblot analyses assessing the changes in the GALR3 expression in the eyes of 

Abca4−/−Rdh8−/− mice exposed to bright light insult 7 days after illumination. The protein 

extracts from the HEK-293 cells and HEK-293 cells transfected with the GALR3-Flag 

expressing vector were used as controls. The representative immunoblot is shown. Statistical 

analyses were performed with the two-way ANOVA and post hoc Turkey’s tests.
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Figure 2. Inhibition of GALR3 protects the retina from light-induced degeneration in 
Abca4−/−Rdh8−/−mice.
A, Experimental design. Abca4−/−Rdh8−/− mice were used to examine the effect of 

pharmacological inhibition of GALR3. These mice were treated with a single dose of 

GALR3 specific inhibitor SNAP-37889 30 min before illumination for 30 min and then 

maintained in the dark for 7 days before analyses. These mice exhibit sensitivity to 

bright light and develop severe retina degeneration within a few days after illumination. 

B, The representative images of the retina that were visualized with the spectral domain 

optical coherence tomography (SD-OCT). Scale bar 100 μm. C, The measurement of the 

outer nuclear layer (ONL) thickness at 500 μm from the optic nerve head (ONH). The 

measurement was performed in n = 6 mice per group. Statistically different changes were 

observed between vehicle-treated mice and dark-adapted mice, and in SNAP-37889-treated 

mice compared to vehicle-treated mice. No statistical difference was found between dark-

adapted and drug-treated mice. Error bars indicate standard deviation (S.D.). P values for the 

statistically different changes (P < 0.05) are indicated in the figure. D, The representative 

scanning laser ophthalmoscopy (SLO) images of the whole fundus. The autofluorescence 

(AF) spots were detected in vehicle-treated mice. Scale bar 1 mm. E, Quantification of the 

AF spots performed in n = 6 mice per group. Statistically different changes were observed 

in vehicle-treated mice compared to dark-adapted mice and between the drug- and vehicle-

treated mice. No statistical difference was found for dark-adapted and SNAP-37889-treated 

mice. Error bars indicate S.D. The P values for the statistically different changes (P < 0.05) 
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are indicated in the figure. F, The retinal structure was inspected in the hematoxylin and 

eosin (H&E)-stained paraffin eye sections. Scale bar 50 μm. G, The retinal cryosections 

labeled with anti-Rho antibody to detect rod photoreceptors (red) and peanut agglutinin 

(PNA) to detect cone photoreceptors (green). Nuclei were stained with DAPI (blue). Scale 

bar 25 μm. H, Retinal function was assessed by measuring the electroretinography (ERG) 

responses. ERG measurements were performed in n = 5 mice per treatment group. Both 

a-wave and b-wave responses were protected by SNAP-37889 treatment prior to light 

exposure as compared to vehicle-treated mice. These changes were statistically different. 

No statistical difference was found for dark-adapted and SNAP-37889-treated mice. Error 

bars indicate S.D. Statistically different changes (P < 0.05) in the ERG responses upon 

treatment with SNAP-37889 compared to vehicle-treated mice are indicated with asterisks. 

Statistical analyses were performed with the two-way ANOVA and post hoc Turkey’s tests. 

IS, inner segments; OS, outer segments; INL, inner nuclear layer; GCL, ganglion cell layer; 

RPE, retinal pigment epithelium; NS, not statistically significant.
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Figure 3. Inhibition of GALR3 protects the retina from light-induced degeneration in WT mice.
Balb/cJ mice, susceptible to retina damage with bright light were examined. These mice 

were treated with a single dose of SNAP-37889, a GALR3-specific antagonist 30 min before 

illumination for 60 min and then maintained in the dark for 7 days before analyses. A, 

The representative spectral domain optical coherence tomography (SD-OCT) images of the 

retina. Scale bar 100 μm. B, The measurement of the outer nuclear layer (ONL) thickness 

at 500 μm from the optic nerve head (ONH). The measurement was performed in n = 6 

mice per group. Statistically different changes were observed between vehicle-treated and 
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dark-adapted mice, and in SNAP-37889-treated mice compared to vehicle-treated mice. 

No statistical difference was found between dark-adapted and drug-treated mice. Error 

bars indicate standard deviation (S.D.). P values for the statistically different changes (P 
< 0.05) are indicated in the figure. C, The representative scanning laser ophthalmoscopy 

(SLO) images of the whole fundus. The autofluorescence (AF) spots were detected in 

vehicle-treated mice. Scale bar 1 mm. D, Quantification of the AF spots was performed in 

n = 6 mice per group. Statistically different changes were observed between vehicle-treated 

mice compared to dark-adapted mice, and the drug- and vehicle-treated mice. No statistical 

difference was found for dark-adapted and SNAP-37889-treated mice. Error bars indicate 

S.D. The P values for the statistically different changes (P < 0.05) are indicated in the 

figure. E, The retinal structure was examined in the hematoxylin and eosin (H&E)-stained 

paraffin eye sections. Scale bar 50 μm. F, The retinal cryosections labeled with anti-Rho 

antibody to detect rod photoreceptors (red) and peanut agglutinin (PNA) to detect cone 

photoreceptors (green). Nuclei were stained with DAPI (blue). Scale bar 25 μm. G, Retinal 

function was assessed by measuring the electroretinography (ERG) responses performed 

in n = 5 mice per treatment group. Both a-wave and b-wave responses were protected by 

SNAP-37889 administered prior to illumination as compared to vehicle-treated mice. These 

changes were statistically different. No statistical difference was found for dark-adapted and 

SNAP-37889-treated mice. Error bars indicate S.D. Statistically different changes (P < 0.05) 

in the ERG responses upon treatment with SNAP-37889 compared to vehicle-treated mice 

are indicated with asterisks. Statistical analyses were performed with the two-way ANOVA 

and post hoc Turkey’s tests. NS, not statistically significant.
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Figure 4. Lack of Galr3 protects the retina from light-induced degeneration.
Galr3−/− were crossbred with Balb/cJ mice to generate Galr3 knockout mice susceptible to 

bright light-induced retina injury. A, The representative spectral domain optical coherence 

tomography (SD-OCT) images of the retina of dark-adapted and illuminated mice. Scale bar 

100 μm. B, The measurement of the outer nuclear layer (ONL) thickness at 500 μm from the 

optic nerve head (ONH). The measurement was performed in n = 6 mice per group. Error 

bars indicate standard deviation (S.D.). No statistically different changes were observed 

between these mice. C, The representative scanning laser ophthalmoscopy (SLO) images of 

the whole fundus. The autofluorescence (AF) spots were not detected in light-exposed mice. 

Scale bar 1 mm. D, Quantification of the AF spots performed in n = 6 mice per group. Error 

bars indicate S.D. No statistically different changes were observed between these mice. E, 

The retinal morphology was examined in the hematoxylin and eosin (H&E)-stained paraffin 

eye sections. Scale bar 50 μm. F, The retinal cryosections labeled with anti-Rho antibody to 

detect rod photoreceptors (red) and peanut agglutinin (PNA) to detect cone photoreceptors 

(green). Nuclei were stained with DAPI (blue). Scale bar 25 μm. G, Retinal function was 

assessed by measuring the electroretinography (ERG) responses performed in n = 5 mice 

per group. Error bars indicate S.D. H, The ERG response amplitude at 1 μV for scotopic 

a- and b-waves, and at 1.3 μV for photopic b-wave extracted from figures 3G and 4G to 
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compare the responses of WT and Galr3−/− mice. Statistically different changes (P < 0.05) 

are indicated with asterisks. Statistical analyses were performed with the two-way ANOVA 

and post hoc Turkey’s tests. NS, not statistically significant.
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Figure 5. Inhibition of GALR3 allows maintaining levels of photoreceptor proteins Rho and M 
cone opsin in retinas injured with bright light.
A, UV-visible spectra of Rho purified from eyes (n = 6) of WT Balb/cJ mice dark-

adapted, vehicle-treated and exposed to bright light, and treated with SNAP-37889 prior 

to illumination. In addition, Rho was purified from dark-adapted or exposed to bright 

light Galr3−/− mice on Balb/cJ background. B, The coomassie-blue-stained SDS-PAGE 

electrophoresis gel. The equal volumes of purified Rho fractions, shown in panel A, were 

loaded. The representative gel is shown. C, The representative immunoblots showing the 
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levels of M cone opsin in eyes of WT Balb/cJ mice either dark-adapted, vehicle-treated 

and exposed to bright light, or treated with SNAP-37889 prior to illumination, as well 

as dark-adapted or exposed to bright light Galr3−/−-Balb/cJ mice. D, Quantification of M 

cone opsin expression. The intensity of M cone opsin expression was normalized to the 

expression of GAPDH. Error bars represent standard deviation (S.D.). E-F, The expression 

levels of Rho and M cone opsin determined by RT-qPCR. The relative fold of these genes 

expression was normalized to the expression of Gapdh. Error bars represent S.D. The P 
values for statistically different changes are indicated in the figure. Statistical analyses were 

performed with the two-way ANOVA and post hoc Turkey’s tests. NS, not statistically 

significant.
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Figure 6. Inhibition of GALR3 is associated with downregulation of acute retinal inflammation.
A, Detection of GFAP on the retina cryosections prepared from eyes of dark-adapted, 

vehicle-treated and exposed to bright light, or SNAP-37889-treated prior to illumination WT 

Balb/cJ mice, and dark-adapted and exposed to bright light Galr3−/−-Balb/cJ mice. Scale bar 

50 μm. B, Quantification of GFAP expression as a mean of red fluorescence detected on 

the cryosections. Error bars represent standard deviation (S.D.). The P values for statistically 

different changes are indicated in the figure. C, The representative immunoblots showing 

the levels of GFAP in the protein extracts prepared from eyes of mice darkadapted, vehicle-
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treated and exposed to bright light, or SNAP-37889-treated prior to illumination WT Balb/cJ 

mice, and dark-adapted or illuminated Galr3−/−-Balb/cJ mice. D, TUNEL staining of the eye 

cryosections from WT Balb/cJ and Galr3−/−-Balb/cJ mice. Green staining indicates dying 

photoreceptor cells. Blue indicates nuclei stained with DAPI. E, Quantification of TUNEL-

positive photoreceptor cells. The P values for statistically different changes are indicated in 

the figure. Error bars represent S.D. F, The expression levels of proinflammatory markers 

IL1-β, IL6, and CCL2, and cell death marker TNF-α determined by RT-qPCR. The relative 

fold of these genes expression was normalized to the expression of Gapdh. The P values for 

statistically different changes are indicated in the figure. Statistical analyses were performed 

with the two-way ANOVA and post hoc Turkey’s tests. NS, not statistically significant. 

ONL, outer nuclear layer; INL, inner nuclear layer; RGC, retinal ganglion cells.

Ortega et al. Page 34

Pharmacol Res. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Ablation of the Galr3 gene does not affect the overall retina health.
The health of the retina was examined in 2, 4, and 8-month-old Galr3−/− mice. Age 

littermates of C57BL/6J mice were used as WT control. A, The representative SD-OCT 

images of the retina. The B-scans shown here were taken at 0 degree. Scale bar 100 

μm. B, The retina morphology was inspected in the hematoxylin and eosin (H&E)-stained 

paraffin eye sections. The images show the superior retina at ~0.5 mm from the optic nerve 

head (ONH). Scale bar 50 μm. C, The ONL thickness was measured at 0.25, 0.5, 0.75, 

1.0, and 1.25 mm from the ONH. The measurement was performed in n = 6 mice per 

group. No statistical differences were found between Galr3−/− and WT mice. Error bars 

represent standard deviation (S.D.). D, The representative retinal cryosections stained with 

anti-Rho antibody to detect rod photoreceptors and peanut agglutinin (PNA) to detect cone 

photoreceptors. The images show the superior retina at ~0.5 mm from the ONH. Nuclei 

were stained with DAPI. Scale bar 25 μm. E and F, Immunoblots examining the levels 

of Rho and M opsin at 2, 4, and 8 months of age in Galr3−/− and WT mice and their 

quantification, respectively. The representative immunoblots are shown. The band intensities 

were normalized to the intensities of GAPDH. Error bars represent S.D. G and H, Retinoid 

analysis at 2, 4, and 8 months of age in Galr3−/− and WT mice and quantification of the 

11-cis-retinal oximes, respectively. The elution profiles of retinoid oximes extracted from 

mouse eyes are shown in G. The concentration of the 11-cis-retinal oximes per eye in each 
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experimental group is shown in H. Error bars represent S.D. No statistical differences in the 

11-cis-retinal oximes concentration were found between Galr3−/− and WT mice. I, Retinal 

function was examined by measuring the electroretinography (ERG) responses. Both a-wave 

and b-wave responses were measured in n = 5 mice per group. No statistical differences in 

the ERG responses were found between Galr3−/− and WT mice. Error bars represent S.D. 

Statistical analyses were performed with the two-way ANOVA and post hoc Turkey’s tests. 

NS, not statistically significant. ONL, outer nuclear layer.
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Figure 8. Ablation of Galr3 or pharmacological inhibition slows down retina degeneration in 
Rho-related retinitis pigmentosa.
Galr3−/− were cross-bred with RhoP23H/P23H to generate Galr3−/−RhoP23H/+ mice to 

evaluate if inhibition of GALR3 could have a protective effect in chronic retinopathy. 

In addition, RhoP23H/+mice were treated with SNAP-37889 every other day from P21 to 

P33. A, A comparison of the representative SD-OCT images of the retina of RhoP23H/+, 

Galr3−/−RhoP23H/+, RhoP23H/+-treated with SNAP-37889, and Galr3−/− mice at P33. Scale 

bar 100 μm. B, The measurement of the ONL thickness at 500 μm from the optic nerve 

head (ONH) in the SD-OCT images. The measurement was performed in n = 6 mice 

per group. Error bars represent standard deviation (S.D.). The P values for statistically 

different changes are indicated in the figure. C, The retina morphology of RhoP23H/+, 

Galr3−/−RhoP23H/+, and RhoP23H/+ mice treated with SNAP-37889 inspected in the 

hematoxylin and eosin (H&E)-stained paraffin eye sections. Scale bar 50 μm. D, The retina 

and the ONL thickness were measured at 0.25, 0.5, 0.75, 1.0, and 1.25 mm from the optic 

nerve head (ONH). The measurement was performed in n = 6 mice per group. Error bars 

represent S.D. E, Retinoid analysis. The concentration of the 11-cis-retinal oximes per eye 

in each experimental group (n = 5 mice per group) is shown. Error bars represent S.D. The 

P values for statistically different changes are indicated in the figure. F, The representative 
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retinal cryosections stained with anti-Rho antibody to detect rod photoreceptors and peanut 

agglutinin (PNA) to detect cone photoreceptors in RhoP23H/+, Galr3−/−RhoP23H/+, and 

RhoP23H/+ mice treated with SNAP-37889. Nuclei were stained with DAPI. Scale bar 25 μm. 

G, Retinal function was compared in RhoP23H/+, Galr3−/−RhoP23H/+, and RhoP23H/+ treated 

with SNAP-37889 mice at P33. The electroretinography (ERG) responses were measured 

in n = 5 mice per group. Inhibition of GALR3 substantially protected both a-wave and 

b-wave responses in Galr3−/−RhoP23H/+ mice as compared to RhoP23H/+ mice. Error bars 

indicate S.D. Statistically different changes (P < 0.05) are indicated with asterisks. Statistical 

analyses were performed with the two-way ANOVA and post hoc Turkey’s tests. NS, not 

statistically significant.
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Table 1.

List of used commercial antibodies.

Antibody Name Species Source Identifiers Additional information

Anti-GALR1 Rabbit polyclonal LSBio LS-C120666 1:1000

Anti-GALR2 Rabbit polyclonal LSBio LS-C805729 1:1000

Anti-GALR3 Rabbit polyclonal Thermofisher PA5-19206 1:200

Anti-GFAP Rabbit polyclonal Thermofisher PA1-9565 1:1000

Anti-GAPDH Mouse monoclonal Abclonal AC002 1:10,000

Anti-mouse IgG, HRP conjugate Goat Promega W4021 1:10,000

Anti-rabbit IgG, HRP conjugated Goat Promega W4011 1:10,000

Anti-mouse IgG Alexa Fluor 555-conjugated Goat Thermofisher A28180 1:400

Anti-rabbit IgG Alexa Fluor 555-conjugated Goat Thermofisher A27039 1:400

Anti-mouse IgG Alexa Fluor 488-conjugated Goat Thermofisher A28175 1:400
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Table 2.

List of used primers.

Target Species Forward primer sequence 3’→5’ Reverse primer sequence 3’→5’

Rhodopsin mouse CTTCCTGATCTGCTGGCTTC ACAGTCTCTGGCCAGGCTTA

mOpsin mouse GAGATTCAAGAAGCTGCGCC TGTCCAGAACGAGTAGCC

Gapdh mouse TTGAGGTCAATGAAGGGGTC TCGTCCCGTAGACAAAATGG

TNF-α mouse GGTCTGGGCCATAGAACTGA CAGCCTCTTCTCATTCCTGC

IL1-β mouse TGCCACCTTTTGACAGTGATG AAGGTCCACGGGAAAGACAC

IL6 mouse CAACGATGATGCACTTGCAGA GTGACTCCAGCTTATCTCTTGGT

CCL2 mouse TCTCCAGCCTACTCATTGGG AGGTCCTGTCATGCTTCTG

Spexin mouse CGCCTCCAGAAAGACGAAAC AATTCCCTCCTTCATCTGCACC

Galr3 mouse TCGTGTGCAAGACGGTACA ACCGCCAGGTACCTATCCA
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