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ABSTRACT. Prosaposin is a precursor of lysosomal hydrolases activator proteins, saposins, and 
also acts as a secretory protein that is not processed into saposins. Prosaposin elicits neurotrophic 
function via G protein-coupled receptor (GPR) 37, and prosaposin deficiency causes abnormal 
vestibuloauditory end-organ development. In this study, immunohistochemistry was used to examine 
prosaposin and GPR37 expression patterns in the mouse cochlear and vestibular nuclei. Prosaposin 
immunoreactivity was observed in neurons and glial cells in both nuclei. GPR37 immunoreactivity 
was observed in only some neurons, and its immunoreactivity in the vestibular nucleus was weaker 
than that in the cochlear nucleus. This study suggests a possibility that prosaposin deficiency affects 
not only the end-organs but also the first center of the vestibuloauditory system.
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Prosaposin is a glycoprotein that is widely conserved in vertebrates. It is a precursor of lysosomal hydrolases activator proteins, 
saposins. The lysosomal enzymes require activator proteins for their hydrolysis function [21], and in the lysosome, prosaposin is 
processed into 4 kinds of sphingolipid hydrolase activators, saposin A [10, 11, 18, 28, 34], B [18, 28, 34], C [10, 11, 18, 28, 34], and D 
[18, 19, 28, 34]. Not only inside the cell, prosaposin could be found in cerebrospinal fluid [13, 14], and is known to act as a neurotrophic 
factor [29, 30]. Prosaposin can activate mitogen-activated protein kinase (MAPK) via G protein-coupled receptor (GPR), and GPR37 
is one of the candidate receptors for prosaposin [23, 24]. In mammals, prosaposin deficiency induces hypertrophy of Deiters’ cells 
and inner sulcus cells, loss of outer hair cells, exuberant afferent neurite outgrowth, and efferent nerve terminal ending proliferation in 
Corti’s organ; supporting cell disruption and afferent neurite swelling in the ampullae, saccule, and utricle; and finally, deafness and 
severe vestibular dysfunction [2, 3]. Therefore, prosaposin plays pivotal roles in normal development and homeostasis maintenance in 
the vestibuloauditory end-organs. Conversely, prosaposin’s functional significance in the primary relay nuclei of the vestibuloauditory 
system in the medulla oblongata, cochlear and vestibular nuclei, still remains unknown. Therefore, in this study, expression patterns 
of prosaposin and its receptor GPR37 were examined in mouse cochlear and vestibular nuclei by immunohistochemistry.

Five adults (8 weeks old) male ddY mice weighting 35–45 g were obtained from Japan SLC, Inc. (Shizuoka, Japan), housed at 24 ± 
2°C under a 12/12-hr light/dark cycle and provided food and water ad libitum. After euthanasia with an intraperitoneal Somnopentyl (8 
× 10−3 mL/g body weight) injection, animals were transcardially perfused with physiological saline and 4% paraformaldehyde in 0.1 
M phosphate-buffer (PB; pH 7.4). The hindbrain was dissected and immersed in the same fixative for 2–3 days. Brain tissue was then 
transferred to 15% sucrose in 0.1 M PB at 4°C for 1 day, followed by immersion in 30% sucrose in 0.1 M PB at 4°C until the tissue 
sank in the solution. This cryoprotected tissue was embedded in OCT compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan), frozen 
at −60°C, cut transversely to 20 μm thickness on a cryostat (CM1510S, Leica Biosystem GmbH., Nussloch, Germany), mounted onto 
MAS adhesive-coated slides (Matsunami Glass Ind., Ltd., Osaka, Japan), and stored at −25°C until use. For immunohistochemistry, 
sections were immersed in 0.3% H2O2 in methanol at room temperature (RT) for 20 min to eliminate endogenous peroxidase, washed 
with 0.01 M phosphate-buffered saline (PBS; pH 7.4), and incubated with 2% normal goat serum at RT for 30 min. After rinsing in 
PBS, the sections were incubated with rabbit anti-prosaposin polyclonal antibody (GTX101064, GeneTex, Irvine, CA, USA) diluted 
1:250 or rabbit anti-GPR37 polyclonal antibody (bs-13534R, Bioss Antibodies, Woburn, MA, USA) diluted 1:250 at 4°C for 48 hr. 
After rinsing in PBS, the sections were incubated with biotinylated goat anti-rabbit IgG (ab6720, Abcam, Cambridge, UK) diluted 
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1:500 at RT for 60 min. After rinsing in PBS, the sections were incubated with Vectastain ABC Reagent (Vector Laboratories, Newark, 
CA, USA) at RT for 30 min. Finally, the sections were colorized for 10 min in 0.1 M Tris–HCl buffer (pH 7.4) containing 0.02% 
diaminobenzidine (DAB) and 0.003% H2O2, and then counterstained with hematoxylin, dehydrated, and coverslipped. The antibody 
specificities were reported previously [33]. For immunofluorescence, the sections were incubated with 2% normal donkey serum at 
RT for 30 min, and then incubated with guinea pig anti-PGP9.5 polyclonal antibody (GTX10410, GeneTex) diluted 1:500 or goat 
anti-GFAP polyclonal antibody (GTX89226, GeneTex) diluted 1:500, and anti-prosaposin antibody (GTX101064) diluted 1:250 or 
anti-GPR37 antibody (bs-13534R) diluted 1:250 at 4°C for 48 hr. After rinsing in PBS, the sections were incubated with Alexa Fluor 
488–conjugated donkey anti-guinea pig IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) diluted 1:100 or Alexa 
Fluor 488–conjugated donkey anti-goat IgG (Jackson ImmunoResearch Laboratories) diluted 1:100, and Alexa Fluor 594–conjugated 
donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories) diluted 1:100 at RT for 90 min. The sections were coverslipped 
and observed by confocal microscope (LSM710, Carl Zeiss, Obercohen, Germany). The posteroventral part of the cochlear nucleus 
and the medial part of the vestibular nucleus were mainly observed in this study. The experimental procedures conformed with the 
Regulations for Animal Experiments in Gifu University, were reviewed by the Committee for Animal Research and Welfare of Gifu 
University, and finally, were approved by the President of the University (Permission No. 2020-257).

In the cochlear nucleus, prosaposin immunoreactivity was observed as dot-like structures in the cytoplasm of broad types of cells 
(Fig. 1A and 1B). Both the neuronal marker PGP9.5-positive neurons and PGP9.5-negative cells in the cochlear nucleus showed 
prosaposin immunoreactivity (Fig. 1C–E). Prosaposin immunoreactivity in the vestibular nucleus was similar to that in the cochlear 
nucleus. Broad types of cells in the vestibular nucleus showed dot-like immunoreactivity of prosaposin (Fig. 1F and 1G). Both 
PGP9.5-positive and -negative cells showed prosaposin immunoreactivity (Fig. 1H–J). To consider prosaposin immunoreactivity 
in PGP9.5-negative cells, we performed double-immunofluorescence for prosaposin and the astrocyte marker GFAP. The dot-like 
immunoreactivity of prosaposin was observed in GFAP-positive cells in both nuclei (Fig. 1K and 1L). On the other hand, GPR37 
immunoreactivity was weak and observed sparsely in the cochlear nucleus cells (Fig. 2A and 2B). GPR37 immunoreactivity was 
found only in PGP9.5-positive cells (Fig. 2C–E). GPR37 immunoreactivity in the vestibular nucleus was weaker and more sparsely 
distributed than those in the cochlear nucleus (Fig. 2F and 2G). GPR37 immunoreactivity was also found only in PGP9.5-positive 
cells (Fig. 2H–J) similar to the cochlear nucleus.

Prosaposin is widely distributed in the mammalian brain [20] and is secreted not only from the choroid plexus but also from 
some neurons, such as hippocampal neurons, via autocrine or paracrine manner [26]. Extracellular prosaposin appears to induce 
neurotrophic effects via the activation of GPRs, or via endocytosis. Prosaposin is known to activate GPRs, and its neurotrophic 
effect is suppressed by the treatment of non-hydrolysable GDP analog or pertussis toxin in cultured cells [6, 15]. For endocytosis, 
endocytic receptors, mannose-6-phosphate receptor (M6PR), sortilin, and low-density lipoprotein receptor-related protein 1 (LRP1) are 
involved in prosaposin internalization. For M6PR, it is known to mediate endocytosis of exogenous lysosomal molecules [36], and the 
suppression of M6PR expression reduces the endocytosis of prosaposin [31, 38]. For LRP1, the endocytosis of prosaposin is reduced 
in cultured cells incubated with an anti-LRP1 antibody, or in LRP1 knockout cells [12]. For sortilin, it can transport extracellular 
prosaposin in complementary to M6PR or LRP1 pathways [9, 39]. The incorporated prosaposin may facilitate autophagy in neurons. 
It is known that the disfunction of the endosomal-lysosomal-autophagic pathway causes many neurodegenerative diseases [27], the 
pathway activating autophagy in neurons is different from that in non-neuronal cells [25], and postmitotic neurons show a higher 
autophagy basal rate than non-neuronal cells [35]. In the vestibuloauditory system, autophagy suppression inhibits vestibular and spiral 
ganglion development [1, 22] in which neurons express high-level prosaposin [2, 3, 37]. The dot-like immunoreactivity of prosaposin 
observed in the cochlear and vestibular nuclei neurons in this study may suggest prosaposin localization in the secretory granules, 
endosomes, and/or lysosomes of those neurons. These results imply the crucial role of prosaposin in these nuclei similar to that in the 
related end-organs and ganglions. Prosaposin is also known to activate the glial cells. Prosaposin can prevent cell death and increase 
sulfatide concentration in Schwann cells and oligodendrocytes [16], activate MAP-kinase and increase sulfatide content in Schwann 
cells [6, 17], reduce the cell death of Schwann cells by activating PI3K/Akt pathway [7], and protect astrocytes from oxidative stress 
[23]. In this study, prosaposin immunoreactivity was also found in the glial cells of these nuclei, suggesting that prosaposin is utilized 
in both neurons and glial cells in these nuclei.

This study is the first report to show the expression pattern of GPR37 in the vestibuloauditory system. GPR37 was shown to be 
expressed only in neurons, but it seemed that the number of immunoreactive neuron was small and the immunointensity was weak in 
GPR37 comparing to those in prosaposin, in the cochlear and vestibular nuclei. Only a subset of neurons may express GPR37 in these 
nuclei. On the other hand, the immunointensity in the cochlear nucleus neurons appeared to be more intense than that in the vestibular 
nucleus. The auditory dysfunction was reported to be more severe than the vestibular dysfunction in prosaposin mutation mice [4]. 
Present study implies the possibility that the difference in severity between auditory and vestibular disfunction may be attributable to 
the difference in affinity to prosaposin between the auditory and vestibular nuclei, which express different levels of GPR37. However, 
GPR37 immunoreactivity should be quantified, and GPR37 mRNA expression should be examined by in situ hybridization for a 
more accurate discussion. This study is the first trial to examine GPR37 expression in the vestibuloauditory system; thus, the GPR37 
immunoreactive neuron type as well as their precise location in the examined nuclei could not be defined. The cochlear nucleus could 
be divided into anteroventral, posteroventral, and dorsal parts [8, 32], and the vestibular nucleus into medial, descending, lateral, and 
superior parts [5], depending on the type of neurons and projections. Currently, we are attempting to identify the precise distribution of 
GPR37 immunoreactive neurons in these nuclei. In conclusion, this study revealed that both neurons and glial cells express prosaposin, 
and a small number of neurons also expresses GPR37, in the mouse auditory and vestibular nuclei.
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Fig. 1. Prosaposin immunoreactivity in the cochlear (CN) and vestibular nuclei (VN). (A) Prosaposin immunoreactivity with hematoxylin 
counterstaining in CN. Immunoreactivity was widely distributed in CN (circled by dashed line). (B) High-magnification squared in (A). 
The dot-like immunostaining pattern in the cell body was observed in the large- (arrows) and small-sized cells (arrowhead). (C) Neuronal 
marker PGP9.5 immunoreactivity in CN. Only neurons were stained by anti-PGP9.5 antibody. (D) Prosaposin immunoreactivity in CN. 
(E) Double immunofluorescence staining of PGP9.5 and prosaposin in CN. Prosaposin immunoreactivities were found in PGP9.5-positive 
(arrows) and PGP9.5-negative (arrowhead) cells. (F) Prosaposin immunoreactivity in VN near the lateral fourth ventricle (4V). Immuno-
reactivity was widely distributed in VN. (G) High magnification squared in (F). Prosaposin immunoreactivity in VN was similar to that in 
CN. Arrows indicate that the large cells contained dot-like prosaposin immunoreactivities in soma, and arrowhead indicates small-sized 
cell showing prosaposin immunoreactivity. (H) PGP9.5 immunoreactivity in VN. (I) Prosaposin immunoreactivity in VN. (J) Double 
immunofluorescence staining of PGP9.5 and prosaposin in VN. Prosaposin immunoreactivities were found in PGP9.5-positive (arrows) 
and PGP9.5-negative (arrowheads) cells. (K) Double immunofluorescence staining of GFAP and prosaposin in CN. Arrowhead indicates 
prosaposin immunoreactivity in GFAP-positive cell. (L) Double immunofluorescence staining of GFAP and prosaposin in VN. Arrowhead 
indicates prosaposin immunoreactivity in GFAP-positive cell.
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