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ABSTRACT. G protein-coupled receptor (GPR) 37 and GPR37L1 are known to modulate the 
dopaminergic neuron activity, and recently, they are identified as candidate prosaposin receptors. 
Intercellular prosaposin is proteolytically processed into four saposins, each of which acts as a 
sphingolipid hydrolase activator in the lysosome. In contrast, extracellular prosaposin exerts a 
trophic effect on neurons via GPR37 and GPR37L1. In this study, the expression patterns of GPR37 
and GPR37L1 in the mouse digestive system were examined immunohistochemically. The islets 
of Langerhans of the pancreas showed intense immunoreactivity for GPR37 and GPR37L1. Weak 
immunoreactivity for GPR37 and GPR37L1 was found in the nerve plexuses of the esophagus and 
small and large intestines. Colocalization of GPR37 and tyrosine hydroxylase immunoreactivity 
was observed in the neuron of the nerve plexus of the large intestine. This study suggests the 
possibility that prosaposin affects the function of islet-secreting cells. Also, the expression of 
GPR37 and GPR37L1 in the nerve plexus suggests that prosaposin exerts a trophic effect not only 
in the central nervous system, but also in the enteric nervous system.
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Prosaposin is a glycoprotein of approximately 70 kDa molecular mass and is composed of four small domains (approximately 
80 amino acid residues each)−saposins A, B, C, and D [20, 35]. In the lysosome, prosaposin is proteolytically processed 
into four saposins, each of which activates specific lysosomal sphingolipid hydrolases including cerebrosidase, ceramidase, 
sphingomyelinase, galactosidase, and arylsulfatase A [12, 21, 25], and accelerates lipid catabolism in the lysosome [4, 5, 28, 
38, 41]. Therefore, cytoplasmic prosaposin plays pivotal roles in normal lysosomal function and its deficiency causes lysosomal 
storage diseases [33]. Also, prosaposin knock-out mice exhibit viviparous lethality or die by 35–38 days after birth with severe 
neurodegeneration [9].

Prosaposin is present not only in the cytoplasm but also in body fluids including serum, cerebrospinal fluid, milk, semen, bile, 
and pancreatic juice [14, 16, 22]. Extracellular prosaposin acts as a neurotrophic factor, which is mediated by its saposin C domain 
[34], and the administration of prosaposin or an artificial peptide mimicking the neurotrophic-activity region of prosaposin exerted 
multiple neurotrophic effects, such as rescue of hippocampal CA1 neurons from lethal ischemic damage [23, 37], prevention of 
structural and functional disorders of the peripheral nerves in diabetes [1, 2], and improvement of neuron survival and behavioral 
deficits in a model of Parkinson’s disease [10]. The prosaposin receptor implicated in these neurotrophic effects is a G protein-
coupled receptor (GPR) because the neurotrophic effect was suppressed by pertussis toxin [3, 15]. Among orphan GPRs, GPR 37 
and GPR37L1 are considered candidate prosaposin receptors because prosaposin stimulates GPR37 and GPR37L1 signaling, and 
exerts a protective effect against oxidative stress in astrocytes [29, 30]. However, these receptors have also been reported to be 
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unresponsive to prosaposin in HEK293 cells and yeast [6, 11, 32]. Therefore, the receptor for prosaposin remains controversial, 
although Liu et al. [27] demonstrated the protective effects of prosaposin via the GPR37/GPR37L1 pathway and provided an 
explanation as to why these receptors are unresponsive in HEK293 cells and yeast. Therefore, examining the relationship between 
the expression patterns of these receptors and the function of prosaposin in various organs may be useful to understand the 
prosaposin-GPR37/GPR37L1 signaling pathway.

GPR37 and GPR37 L1 are expressed abundantly in the central nervous system [24, 42]. GPR37 is insoluble and accumulates 
in the endoplasmic reticulum of dopaminergic neurons, leading to cell death in an autosomal recessive juvenile Parkinsonism 
(AR-JP), which involves a defect in ubiquitin protein ligase parkin [17, 18]; therefore, it is also known as parkin-associated 
endothelin-like receptor. GPR37L1 is also related to dopaminergic neuron activity, and to the endothelin (ET) receptor, although it 
is not activated by ET [24]. GPR37L1 and GPR37 are closely related to bombesin and several orphan G protein-coupled receptors 
(GPCRs), due to a similarity in the “contact-informed neighboring pocket metric” of the GPCR binding site [32]. Herts et al. [13] 
reported that, of two splice variants of the dopamine 2 receptor (D2R), GPR37 interacts more strongly with the long isoform of 
D2R, while GPR37L1 has a preference for the shorter D2R isoform. The expression patterns and/or the functions of these receptors 
in the central nervous system have attracted researchers’ attention because of their associations with neural disorders and the 
neurotrophic activity of prosaposin. However, their expression in the digestive system is unclear although prosaposin is present in 
body fluids such as serum, bile, and pancreatic juice. Therefore in this study, the expression patterns of GPR37 and GPR37L1 in 
the mouse digestive system were examined immunohistochemically.

MATERIALS AND METHODS

Western blot
Two adult male ddY mice (35 and 40 g in weight) were obtained from Japan SLC, Inc. (Shizuoka, Japan). They were housed 

at 24 ± 2°C under a 12/12 hr light/dark cycle and were provided food and water ad libitum. Before the experiment, the mice 
were anesthetized by intraperitoneal injection of 8 × 10−3 ml/g body weight of Somnopentyl (Kyoritsu Seiyaku Co., Tokyo, 
Japan) and euthanized by decapitation. The cerebellum was dissected and homogenized in CelLytic reagent (Sigma-Aldrich Co., 
St. Louis, MO, USA), and the supernatant was obtained by centrifugation at 12,000 × g for 10 min. The protein concentration 
of the supernatant was determined by the Bradford assay using the Bio-Rad Protein Assay Kit II (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA). The protein sample was mixed 1:1 with a sample buffer solution (Nacalai Tesque Inc., Kyoto, Japan), to 
which β-mercaptoethanol (Nacalai Tesque) and sodium lauryl sulfate (Nacalai Tesque) were added to a final concentration of 
1% each, before heating at 95°C for 5 min. After cooling on ice, the sample solution containing 20 µg of protein was subjected 
to 10% SDS-PAGE. The marker protein (Precision Plus Protein Standard; Bio-Rad) was loaded onto another well on the same 
gel according to the manufacturer’s protocol. The sample was transferred to a PVDF membrane (ATTO Co., Tokyo, Japan) 
by semidry electroblotting at 100 mA for 60 min. The marker protein lane on the PVDF membrane was cut and stained with 
reversible Coomassie-blot solution containing 0.05% Coomassie Brilliant Blue R-250 (Bio-Rad), 40% methanol, and 7% acetic 
acid. The remaining membrane was incubated in Tris-buffered saline containing 0.05% Tween 20 (TBST; pH 7.4) supplemented 
with 5% nonfat dry milk and 10% blocking reagent (Roche, Mannheim, Germany) for 60 min, followed by incubation in a rabbit 
anti-GPR37 polyclonal antibody (bs-13534R; Bioss Antibodies, Woburn, MA, USA) diluted 1:1,000, or a rabbit anti-GPR37L1 
polyclonal antibody (Bioss Antibodies, bs-15390R) diluted 1:1,000 with TBST containing 5% nonfat dry milk and 10% blocking 
reagent (Roche) for 60 min. After rinsing three times (10 min each) in TBST, the membrane was incubated in peroxidase-
conjugated goat anti-rabbit IgG (Chemicon, Temecula, CA, USA) diluted 1:1,500 with TBST containing 5% nonfat dry milk and 
10% blocking reagent (Roche) for 60 min. After another rinse in TBST, the membrane was colorized in TBST containing 0.02% 
3–3′ diaminobenzidine tetrahydrochloride (DAB) and 0.003% H2O2.

Tissue preparation for immunohistochemistry
Six adult male ddY mice weighing 38–48 g were obtained from Japan SLC, Inc. They were housed at 24 ± 2°C under a 12/12 hr 

light/dark cycle and provided food and water ad libitum. Before the experiment, the mice were anesthetized with an intraperitoneal 
injection of Somnopentyl (8 × 10−3 ml/g body weight) and euthanized by cardiac perfusion with physiological saline and 4% 
paraformaldehyde in 0.1 M phosphate-buffered saline (PBS; pH 7.4). The esophagus, stomach, liver, pancreas, and small and large 
intestines were removed and immersed in the same fixative for 2–3 days. Next, they were transferred to 30% sucrose in 0.1 M 
PBS at 4°C for 2–3 days. After the specimen sank in the solution, it was embedded in OCT compound (Sakura Finetek Japan Co., 
Ltd., Tokyo, Japan), frozen at −25°C, cut transversely at 20 µm thickness on a cryostat (Microtome 5030, Bright Instruments Ltd., 
Bedfordshire, UK), mounted onto MAS adhesive-coated slides (Matsunami Glass Ind., Ltd., Osaka, Japan) and stored at −25°C 
until use.

All western blot and immunohistochemistry procedures conformed to the Regulations for Animal Experiments in Gifu 
University, were reviewed by the Committee for Animal Research and Welfare of Gifu University, and finally approved by the 
President of the University (Permission No. 17213). The Gifu University regulations conform to the Japanese Act on Welfare and 
Management of Animals, and Standards Relating to the Care and Keeping and Reducing Pain of Laboratory Animals (Notice of the 
Ministry of the Environment No. 88, 2006).
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Immunohistochemistry
The sections were immersed in 0.3% H2O2 in methanol at room temperature for 20 min to eliminate endogenous peroxidase, 

followed by rinsing in PBS. For immunoperoxidase analysis, the sections were incubated with 2% normal goat serum at room 
temperature for 30 min. After rinsing in PBS, the sections were incubated with a rabbit anti-GPR37 polyclonal antibody (Bioss 
Antibodies) diluted 1:500, rabbit anti-GPR37L1 polyclonal antibody (Bioss Antibodies) diluted 1:500, or rabbit anti-PGP (protein 
gene product) 9.5 polyclonal antibody (Ultraclone, Wellow, UK) diluted 1:1,000 at 4°C overnight. After rinsing in PBS, the 
sections were incubated with biotinylated goat anti-rabbit IgG (Chemicon) diluted 1:500 at room temperature for 30 min. After 
rinsing in PBS, the sections were incubated with Vectastain ABC Reagent (Vector Laboratories, CA, USA) at room temperature for 
30 min. Finally, the sections were colorized for 10 min in 0.1 M Tris-HCl, pH 7.4, containing 0.02% DAB and 0.003% H2O2, then 
counterstained with hematoxylin, dehydrated, and cover-slipped. For immunofluorescence, the sections were incubated with 2% 
normal donkey serum at room temperature for 30 min. After rinsing in PBS, the sections used to examine colocalization of GPR37 
or GPR37L1 and PGP9.5 were incubated with a rabbit anti-GPR37 polyclonal antibody (Bioss Antibodies) diluted 1:500 or a rabbit 
anti-GPR37L1 polyclonal antibody (Bioss Antibodies) diluted 1:500 and a guinea pig anti-PGP9.5 polyclonal antibody (GeneTex 
Inc., Irvine, CA, USA) diluted 1:1,000 at 4°C overnight. The sections used to examine the colocalization of GPR37 and tyrosine 
hydroxylase (TH) were incubated with a rabbit anti-GPR37 polyclonal antibody (Bioss Antibodies) diluted 1:500, and a sheep anti-
TH polyclonal antibody (Abcam, Cambridge, UK) diluted 1:1,000 at 4°C overnight. After rinsing in PBS, the sections for GPR37/
GPR37L1 and PGP9.5 were incubated with a FITC-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories, 
West Grove, PA, USA) diluted 1:100 and a Alexa Fluor 594-conjugated donkey anti-guinea pig IgG (Jackson ImmunoResearch 
Laboratories) diluted 1:100, and the sections for GPR37 and TH were incubated with a AMCA-conjugated donkey anti-rabbit IgG 
(Jackson ImmunoResearch Laboratories) diluted 1:100, and a FITC-conjugated donkey anti-sheep IgG (Jackson ImmunoResearch 
Laboratories) diluted 1:100 at room temperature for 90 min. Finally, some sections were rinsed in PBS, counterstained with DAPI 
(Dojindo Laboratories, Kumamoto, Japan) diluted 1:1,000, rinsed in PBS again, cover-slipped, and observed using the EVOS FL 
Cell Imaging System (Thermo Fisher Scientific). Negative controls were created by replacing the primary antibody with normal 
rabbit IgG (Fujifilm Wako Pure Chemical Co., Osaka, Japan). No specific staining was observed in the control sections.

RESULTS

Antibody specificity
The specificity of the GPR37 and GPR37L1 antibodies used in this study was examined in the mice cerebellum by western 

blotting. A single immunoreactive band, similar to the report by Li et al. [26], was observed for each antibody (Fig. 1); therefore, 
these antibodies were used for further experiments.

Loalization of GPR37 and GPR37L1 immunoreactivity in the mouse digestive system
GPR37 and GPR37L1 immunoreactivity was observed in the pancreas, esophagus, and small and large intestines. These 

immunoreactivities could not be observed in the stomach and liver in this study.

Pancreas
In the pancreas, the islets of Langerhans showed immunoreactivity for GPR37 

(Fig. 2A and 2E) and GPR37L1 (Fig. 2B and 2F). The islets were stained intensely 
and uniformly, with slightly more intense staining around their peripheral edge 
(Fig. 2E, 2F, 2H and 2K). The uniform staining pattern of the islets indicates the 
expression of GPR37 and GPR37L1 by the islet secretory cells. The staining around 
the peripheral edge of the islets resulted from GPR37 and GPR37L1 expression in 
the autonomic nerve fibers penetrating the islets of Langerhans, because that region 
also showed intense immunoreactivity for a neuronal marker, PGP 9.5 (Fig. 2C, 
2G, 2I, 2J, 2L and 2M). The pancreatic acinar cells showed no immunoreactivity 
for GPR37, GPR37L1, or PGP 9.5. Use of normal rabbit IgG instead of the first 
antibody yielded no immunoreactivity in the pancreas (Fig. 2D).

The digestive tract
In the esophagus, the myenteric nerve plexus showed weak immunoreactivity 

for GPR37 and GPR37L1 (Fig. 3A and 3B) and intense immunoreactivity for 
PGP 9.5 (Fig. 3C). Use of normal rabbit IgG instead of the first antibody yielded 
no immunoreactivity (Fig. 3D). In the small intestine, weak immunoreactivity for 
GPR37 and GPR37L1 was observed in the submucosal and myenteric nerve plexus 
(Fig. 4A and 4B). The number of nerve plexuses showing immunoreactivity for 
GPR37 and GPR37L1 was smaller than that showing intense immunoreactivity for 
PGP 9.5 (Fig. 4C). Use of normal rabbit IgG instead of the first antibody yielded 
no immunoreactivity (Fig. 4D). In the large intestine, the immunoreactivity of 
GPR37, GPR37L1, and PGP 9.5 was similar to that in the small intestine, that is, 
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Fig. 1. Western blot of the total protein extract-
ed from the mouse cerebellum and stained 
with a G protein-coupled receptor (GPR) 37 
or GPR37L1 antibody. Arrowheads indicate 
the immunoreactive bands. The marker lane 
stained with Coomassie Brilliant Blue is also 
shown.
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Fig. 2. Immunoreactivity in the pancreas with hematoxylin counterstaining. (A) G protein-coupled receptor (GPR) 37 immunoreactivity 
was found in the islets of Langerhans (arrow). The islet was stained uniformly, but the exocrine acinar cells showed no immunoreactivity.  
(B) GPR37L1 immunoreactivity was found in the islets of Langerhans (arrow), and its staining pattern in the pancreas was identical to that 
of GPR37. (C) Protein gene product (PGP) 9.5 immunoreactivity at the autonomic nerve ending was found at the peripheral edge of the 
islets of Langerhans (arrowhead), while the inside of the islet as well as the exocrine acinar cells showed no immunoreactivity. (D) Replace-
ment of the first antibody with normal rabbit IgG yielded no immunoreactivity. (E–G) High magnification of islets stained with antibodies 
for GPR37 (E), GPR37L1 (F), and PGP 9.5 (G). (H–J) Double immunofluorescence staining of islets with the antibody for GPR37 (H) and 
PGP 9.5 (I), and a merged image (J). (K–M) Double immunofluorescence staining of islets with antibodies for GPR37L1 (K) and PGP 9.5 
(L) and a merged image (M) GPR37/GPR37L1 immunoreactivity was detected in PGP9.5-immunopositive fibers. Bars, 100 µm in (A–D), 
50 µm in (E–M).
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Fig. 3. Immunoreactivity in the esophagus with hematoxylin counterstaining. (A) G protein-coupled receptor (GPR) 37 immunoreactivity of weak 
intensity was found in the myenteric nerve plexus (arrows). (B) GPR37L1 immunoreactivity was found in the myenteric nerve plexus (arrow) with 
a similar staining pattern and intensity to GPR37. (C) Protein gene product (PGP) 9.5 immunoreactivity was found in the nerve plexus (arrow) as 
well as nerve fibers in the muscle layer. (D) Replacement of the first antibody with normal rabbit IgG yielded no immunoreactivity. Bar, 100 µm.

Fig. 4. Immunoreactivity in the small intestine with hematoxylin counterstaining. (A) G protein-coupled receptor (GPR) 37 immunoreactivity of 
weak intensity was found in the submucosal and myenteric nerve plexus (arrow). (B) GPR37L1 immunoreactivity was found in the submucosal 
and myenteric nerve plexus (arrows) with a similar staining pattern and intensity to GPR37. (C) Protein gene product (PGP) 9.5 immunoreactivity 
was found in the nerve plexus (arrows) as well as nerve fibers (arrowhead) in the submucosa and muscle layer. (D) Replacement of the first 
antibody with normal rabbit IgG showed no immunoreactivity. Bar, 100 µm.
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some plexuses showed weak immunoreactivity for GPR37 and GPR37L1 and many showed intense immunoreactivity for PGP 9.5 
(data not shown).

To confirm the localization of GPR37 and GPR37L1 in the nerve plexus, double immunofluorescence staining of the large 
intestine was performed. The nerve plexus as well as the surrounding fine fibers showed intense immunoreactivity for PGP 
9.5 (Fig. 5A), and weak immunoreactivity was observed in the nerve plexus for GPR37 or GPR37L1 (Fig. 5B); overlapping 
immunoreactivity of PGP 9.5 and GPR37 or GPR37L1 was observed in the nerve plexus (Fig. 5C). Further examination 
concerning the colocalization of GPR37 and TH in the large intestine was performed because of the strong relationship between 
the receptor and dopaminergic neurons in the central nervous system. The neurons in the myenteric nerve plexus showed weak 
immunoreactivity for GPR37 (Fig. 6A), and a small number of them showed intense immunoreactivity for TH (Fig. 6B and 6C).

DISCUSSION

GPR37 and GPR37L1 are present not only in a variety of neurons but also in glial cells in the central nervous system [24, 
42]. Also, mRNA of GPR37 and GPR37L1 has been detected by quantitative real-time polymerase chain reaction (qPCR) in the 
muscle layer of mouse duodenum and small and large intestines [19]. In addition, by qPCR and immunoblotting, the presence of 
GPR37L1 was detected in mouse heart, kidney, liver, lung, spleen, stomach, pancreas, skeletal muscle, testis, and ovary, and that 
GPR37L1 has been shown to participate in renal proximal tubule luminal sodium transport [43]. These findings indicate that these 
putative prosaposin receptors play an as-yet unknown role in various tissues. In this study, the presence of GPR37 and GPR37L1 
was observed in the islets of Langerhans in the mouse pancreas. Islet-secreting cells may express these receptors to detect and 
secrete appropriate amounts of prosaposin in plasma, because plasma contains a considerable amount of prosaposin [36]. Most 
cells endowed with these receptors were possible to be insulin-secreting beta cells, because in mice, the ratio of beta cells in the 
islets is higher (60–80%) than that in human (50–70%). Also, the beta cells comprise a large core in mouse islets [7], and GPR37 
and GPR37L1 immunoreactivity was observed almost uniformly in the islets. However, we cannot rule out the possibility that 
GPR37 and GPR37L1 are expressed not only by beta cells, but also by alpha, delta, and pancreatic polypeptide cells in the islets 
of Langerhans. Further studies, for example involving multiple immunostaining analysis of these receptors plus insulin, glucagon, 
somatostatin, and pancreatic polypeptide, are required to confirm our hypothesis. An examination of prosaposin expression in the 
islets of Langerhans is also required.
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Fig. 5. Double immunofluorescence staining of the large intestine with DAPI counterstaining (blue). (A) Protein gene product (PGP) 9.5 
immunoreactivity was found in the myenteric nerve plexus as well as the nerve fibers in the muscle layer (red). (B) G protein-coupled 
receptor (GPR) 37 immunoreactivity was found in the myenteric nerve plexus (green). (C) GPR37 immunoreactivity was detected in the 
PGP9.5-immunopositive cells (light yellow). Bar, 50 µm.

Fig. 6. Double immunofluorescence staining of the large intestine. (A) G protein-coupled receptor (GPR) 37 immunoreactivity in the 
myenteric nerve plexus. Arrowheads indicate GPR37 immunoreactive neurons in the plexus. (B) Tyrosine hydroxylase (TH) immu-
noreactivity in the same plexus. Arrows indicate TH immunoreactive neurons in the plexus. (C) Colocalization of GPR37 and TH was 
observed in only a small number of neurons (arrows). Bar, 50 µm.
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For the digestive tract, GPR37 and GPR37L1 immunoreactivity was found in the nerve plexuses of the esophagus and small and 
large intestines, as determined by qPCR by Ito et al. [19]. However, the GPR37 or GPR37L1 immunoreactivities were weak and 
difficult to observe in some small plexuses. The weak immunoreactivity may have hampered visualization of immunostaining in 
the small plexus. It is uncertain whether all plexuses showed weak immunoreactivity. Some immunoreactive neurons also showed 
immunoreactivity for TH, a rate-limiting enzyme in catecholamine synthesis and thus a marker for dopaminergic and adrenergic 
neurons [31]. Singaram et al. [39] examined the distribution of dopaminergic neurons in the nerve plexus of the colon in healthy, 
constipated, and Parkinson’s disease patients. The percentage of dopaminergic neurons in the normal colon was less than 20%, 
and the value decreased significantly in Parkinson’s disease patients. The colocalization of GPR37/GPR37L1 and TH suggests 
that administration of prosaposin would attenuate gastrointestinal dysfunction in Parkinson’s disease patients [8], because of the 
protective effect of prosaposin on dopaminergic neurons in the central nervous system [10].

Finally, GPR37 and GPR37L1 immunoreactivity was not detected in the absorptive epithelium of the gastrointestinal epithelium. 
Therefore, it is unlikely that prosaposin in gastrointestinal juice might stimulates the epithelial cells. The saposin domains in 
prosaposin facilitate the interaction between the membrane-bound lipid substrate and the water-soluble enzyme [38]; therefore, 
prosaposin in the gastrointestinal juice may assist digestion in the luminal space. However, it is still unknown if prosaposin is 
present in the digestive tract, although Sun et al. [40] reported its expression in mucosal epithelial cells. Further examination of 
prosaposin expression in the digestive system is required to elucidate the prosaposin-GPR37/GPR37L1 signaling pathway in this 
system.
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