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Abstract: The vertebrate G protein–coupled receptor 37 and G protein–coupled receptor 37-like 1
(GPR37 and GPR37L1) proteins have amino acid sequence homology to endothelin and bombesin-
specific receptors. The prosaposin glycoprotein, its derived peptides, and analogues have been
reported to interact with and activate both putative receptors. The GPR37 and GPR37L1 genes are
highly expressed in human and rodent brains. GPR37 transcripts are most abundant in oligoden-
drocytes and in the neurons of the substantia nigra and hippocampus, while the GPR37L1 gene is
markedly expressed in cerebellar Bergmann glia astrocytes. The human GPR37 protein is a substrate
of parkin, and its insoluble form accumulates in brain samples from patients of inherited juvenile
Parkinson’s disease. Several Gpr37 and Gpr37l1 mouse mutant strains have been produced and
applied to extensive in vivo and ex vivo analyses of respective receptor functions and involvement
in brain and other organ pathologies. The genotypic and phenotypic characteristics of the differ-
ent mouse strains so far published are reported and discussed, and their current and proposed
applications to human disease modeling are highlighted.

Keywords: G protein–coupled receptor; mouse mutant; disease model

1. Introduction

The vertebrate G protein–coupled receptor 37 and G protein–coupled receptor 37-like 1 (GPR37
and GPR37L1) genes encode seven-transmembrane span proteins with amino acid sequence
homology to G protein–coupled receptors for the endothelin and bombesin peptides [1–3].
Prosaposin, a secreted cytoprotective glycoprotein, its derived peptides, and synthetic ana-
logues have been reported to interact with and activate both putative receptors [4–6].

GPR37 and GPR37L1 transcripts are preponderant in several human and rodent brain
regions [1]. GPR37 transcripts are most abundant in oligodendrocytes of fiber tracts and in
distinct neuronal populations, such as hippocampal and substantia nigra dopaminergic neu-
rons [7]. The GPR37L1 gene is markedly expressed in cerebellar Bergmann glia astrocytes
of newborn, juvenile, and adult mice [8].

The human GPR37 protein has been shown to be a substrate of parkin [7], a proteaso-
mal ubiquitin protein ligase, whose mutant forms cause recessive inherited Parkinson’s
disease (PD) [9,10]. Overexpressed GPR37 molecules can become insoluble and accumulate
in the endoplasmic reticulum, leading to unfolded protein-induced cell death, whereas
parkin-mediated ubiquitination promotes their proteasomal degradation. Furthermore,
insoluble GPR37 molecules are found accumulated in brain samples of inherited juvenile
PD patients [7].

Several laboratory mouse (Mus musculus) strains carrying different targeted mutations
or expressed transgenic constructs of the Gpr37 (Mouse Genome Informatics (MGI) gene
ID: MGI: 1313297; formerly termed: parkin-associated endothelin B receptor-like receptor or
Pael-R, endothelin B receptor-like protein or ETBR-LP) or Gpr37l (MGI gene ID: MGI: 1928503;
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formerly termed: endothelin B receptor-like protein-2 or ETBR-LP-2) gene have been pro-
duced and successfully utilized for extensive in vivo and ex vivo analysis of respective
receptor’s functions and for investigating their involvement in various brain’s and other
organ’s pathologies.

The present review highlights and compares the reported genotypic and phenotypic
characteristics of the different mouse strains so far published, with a focus on their current
and proposed applications to human disease’s modeling.

A systematic survey and analysis has been conducted of all peer-reviewed publi-
cations on Gpr37 and Gpr37l1 mouse mutant strains, as included in the following in-
ternational reference resources: Public Medline (PubMed; National Institutes of Health,
https://pubmed.ncbi.nlm.nih.gov/, accessed on 20 March 2022), Europe PubMed Cen-
tral (EuroPMC; European Bioinformatics Institute, https://europepmc.org/, accessed on
20 March 2022), Mouse Genome Informatics (MGI; The Jackson Laboratory, http://www.
informatics.jax.org/, accessed on 20 March 2022), International Mouse Strain Resource
Consortium (IMSR; http://www.findmice.org/, accessed on 20 March 2022), Infrafrontier-
European Mouse Mutant Archive Research Infrastructure Consortium (Infrafrontier-EMMA;
https://www.infrafrontier.eu/, accessed on 20 March 2022), International Mouse Phenotyp-
ing Consortium (IMPC; https://www.mousephenotype.org/, accessed on 20 March 2022).

2. Mouse Gpr37 Mutant Strains

The first Gpr37 constitutive knock-out mutant (KO) strain was produced and func-
tionally studied by Marazziti et al. [11] (MGI allele symbol: Gpr37<tm2Gtva>; see Table 1
for details of this and following Gpr37 and related targeted mutant/transgenic strains),
by crossing the corresponding conditional-ready mutant strain, carrying a P1 bacterio-
phage locus of a crossing over (loxP)-flanked (floxed) Gpr37-targeted allele (MGI allele
symbol: Gpr37<tm1Gtva>), to a transgenic strain which ubiquitously expresses the P1
bacteriophage’s recombination (cre recombinase) protein (Table 1).

The adult homozygous KO mutant mice exhibited reduced striatal dopamine content
and increased expression of the dopamine transporter protein at striatal presynaptic plasma
membranes, with consequent enhancement of presynaptic dopamine uptake, specific motor
deficits, and altered behavioral responses to dopaminergic drugs [11,12]. The homozygous
Gpr37<tm2Gtva> animals also presented with a striking resistance to 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), a potent PD-inducing neurotoxin, which causes the
specific degeneration of mammalian substantia nigra dopaminergic neurons [11].

Further studies showed the constitutive ablation of Gpr37 to result in decreased
expression of endoplasmic reticulum–associated degradation and autophagy pathway
markers and impaired phosphorylation of dopaminergic signaling mediators in striatal
tissue [13,14], as well as differentiated, gender/age-dependent effects on non-motor be-
havioral phenotypes [15]. The Gpr37<tm2Gtva> KO strain was later used for elucidating
the functional expression of the Gpr37 receptor and its proposed ligand, the prosaposin
glycoprotein, in the nasal organ’s olfactory ensheathing cells and gonadotropin-releasing
hormone neurons [16].

Table 1. Mouse Gpr37 mutant strains.

Allele/Transgene Symbol
(MGI ID)

Type of Mutant/Transgenic Strain
Genetic Background References

Gpr37<tm2Gtva> (MGI: 3027995)
targeted constitutive KO strain

obtained by crossing of
Gpr37<tm1Gtva> (MGI: 3027992)

targeted conditional-ready strain to
Tg(CMV-cre)1Cgn (MGI: 2176180)
cre recombinase-expressing strain

ES cells: 129P2/OlaHsd
crossing: C57BL/6J

N: 2–10
cre recomb.: BALB/c, C57BL/6

[11–17]

https://pubmed.ncbi.nlm.nih.gov/
https://europepmc.org/
http://www.informatics.jax.org/
http://www.informatics.jax.org/
http://www.findmice.org/
https://www.infrafrontier.eu/
https://www.mousephenotype.org/
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Table 1. Cont.

Allele/Transgene Symbol
(MGI ID)

Type of Mutant/Transgenic Strain
Genetic Background References

Gpr37<tm1.1Ryot> (MGI: 3768566)
targeted constitutive KO strain

obtained by in vitro cre recombinase expression in oocytes of
Gpr37<tm1Ryot> (MGI: 3768565)
targeted conditional-ready strain

ES cells: C57BL/6NSlc
crossing: C57BL/6 [18]

Tg(Prp-GPR37)1Ryot (MGI: 3768632)
brain-specific transgene-expressing strain

oocytes: C3H, C57BL/6
crossing: C57BL/6 [18,19]

Tg(PDGFB-GPR37)20Ryot (MGI: 3768633)
midbrain, striatum-specific transgene-expressing strain

oocytes: C57BL/6
crossing: C57BL/6 [18,19]

Prkn<tm1Ykt> (MGI: 3698054), Tg(Prp-GPR37)1Ryot
targeted constitutive KO,

brain-specific transgene-expressing strain

Prkn<tm1Ykt>:
ES cells: 129P2/OlaHsd

crossing: C57BL/6
Tg(Prp-GPR37)1Ryot:

as above

[19,20]

Prkn<tm1Ykt>, Tg(PDGFB-GPR37)20Ryot
targeted constitutive KO,

midbrain/striatum-specific transgene-expressing strain

Prkn<tm1Ykt>:
as above

Tg(PDGFB-GPR37)20Ryot:
as above

[19,20]

Gpr37<tm1Dgen> (MGI: 3604579)
targeted lacZ reporter-tagged constitutive KO strain

ES cells: 129P2/OlaHsd
crossing: C57BL/6

N: 5–10
[17,21–40]

Gpr37<em1Smoc> (MGI: 6840940)
oligodendrocyte-specific conditional KO line

obtained by crossing of
Gpr37<em2Smoc> (MGI: 6840941)

CRISPR/Cas-mediated conditional-ready strain to
an Olig2-cre recombinase transgene-expressing strain

(not specified)

oocytes: C57BL/6J
crossing: C57BL/6J

cre recomb.: not specified
[39]

Abbreviations: MGI: Mouse Genome Informatics (http://www.informatics.jax.org/, accessed on 20 March 2022);
KO: knock-out mutant; ES cells: background strain of targeted mutant embryonic stem (ES) cells; oocytes:
background strain of transgene- or CRISPR/Cas-injected oocytes; crossing: background strain of wild-type
mice used in crossing/backcrossing; N: number of backcross generations; cre recomb.: background strain of cre
recombinase-expressing mice.

Another Gpr37 constitutive KO strain was produced and characterized by Imai et al. [18]
(MGI allele symbol: Gpr37<tm1.1Ryot>), following injection of a cre recombinase-expressing
plasmid in oocytes of the corresponding conditional-ready, floxed mutant strain (MGI al-
lele symbol: Gpr37<tm1.1Ryot>). The adult homozygous KO mice showed reduced striatal
dopamine levels, hypoactivity, altered physiology of striatal neurons, and decreased suscepti-
bility to the MPTP and 6-hydroxydopamine (6-OHDA) dopaminergic neurotoxins [18].

The same authors also produced and studied two transgenic strains, expressing the
human GPR37 protein in murine whole brain or midbrain and striatum, respectively (MGI
transgene symbols: Tg(Prp-GPR37)1Ryot and Tg(PDGFB-GPR37)20Ryot). Their pheno-
typic analysis revealed increased levels of striatal dopamine, hyperactivity, and enhanced
susceptibility to 6-OHDA [18].

Each of the two transgenes was also expressed upon crossing to an original parkin E3
ubiquitin protein ligase (Prkn) constitutive KO strain (MGI allele symbol: Prkn<tm1Ykt>),
resulting in the manifestation of PD-associated phenotypic traits, with distinctive death of
substantia nigra dopaminergic neurons, following increased endoplasmic reticulum stress
and dopamine toxicity [19].

These findings were consistent with the outcomes of a previous analysis, which
had involved the specific, somatic expression of human GPR37 in substantia nigra pars

http://www.informatics.jax.org/
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compacta neurons, upon striatal injection of recombinant adenoviral vectors in wild-type
and Prkn<tm1Ykt> null mutant mice [20].

Gpr37’s modulation of endoplasmic reticulum-associated protein degradation was
later studied in mouse developing neurons by somatic expression silencing, upon transfec-
tion of Gpr37-small interfering RNA molecules in neural progenitor cells from C57BL/6N
wild-type embryos [41].

A distinct Gpr37 constitutive KO strain, expressing the bacterial beta-galactosidase
(lacZ) reporter gene under the control of the endogenous Gpr37 promoter, was produced
by Deltagen Inc. (MGI allele symbol: Gpr37<tm1Dgen>), in the context of their high-
throughput mouse gene KO production and phenotyping program [21], with initial report-
ing of gender-specific alteration of body fat/body weight ratio.

The Gpr37<tm1Dgen> homozygous strain was applied by several research groups
to a variety of studies, which elucidated the expression of the Gpr37 protein in retinal
Muller glial cells [22], its functional interaction with hippocampal and striatal adenosine
receptors [23–27], and its modulatory role in cortico-striatal synaptic depression [28], as
well as in early life stress-induced emotional behaviors [29].

The spatial-temporal modulation of Gpr37 signaling and its behavioral effects were
also independently studied by striatum-specific expression of optogenetics-activated algal
channelrhodopsin 2-human GPR37 chimeric proteins, upon local injection of recombinant
adeno-associated viral (AAV) vectors in adult C57BL/6 wild-type mice [42].

Mice carrying the Gpr37<tm1Dgen> KO mutation were used for analyzing Gpr37’s
role in brain focal inflammation and progenitor cell dynamics in experimental models of
ischemic stroke [30,31].

Gpr37<tm1Dgen> null mutants were also instrumental in investigating Gpr37’s neuro-
protective action in a specific, dopamine analogue-induced model of PD [32] and further ap-
plied to characterize the Gpr37 N-terminal ectodomain as a potential biomarker for PD [33],
following its proteolytical cleavage and shedding by a metalloprotease and furin [34].

Other phenotypic analyses of Gpr37<tm1Dgen> null mutants investigated the possible
activation by the neuroprotectin D1 docosanoid of Gpr37’s signaling pathway in macrophages,
and the consequent protection against infection-induced sepsis and inflammation-associated
pain [35,36].

Gpr37<tm1Dgen> KO mice were also utilized to examine Gpr37’s effects on oligoden-
drocyte differentiation and myelination [37–39].

Qian et al. determined that Gpr37’s attenuating action occurs upon specific stimulation
by the bone gamma carboxyglutamate protein (Bglap; synonym: osteocalcin) hormone [39].
They produced and analyzed a novel, oligodendrocyte lineage cell-specific Gpr37 condi-
tional KO line (MGI allele symbol: Gpr37<em1Smoc>). This new genetic tool was obtained
after generation of the corresponding conditional-ready, floxed mutant strain (MGI allele
symbol: Gpr37<em2Smoc>) by clustered regularly, interspaced short palindromic repeats
(CRISPR) and CRISPR-associated endonuclease protein (Cas)-mediated gene targeting.
The Gpr37<em2Smoc> floxed mutant mice were then crossed to mutant animals which
express the cre recombinase protein under the control of the endogenous oligodendrocyte
transcription factor 2 (Olig2) gene promoter [39].

3. Mouse Gpr37l1 Mutant Strains

A Gpr37l1 constitutive KO strain was firstly produced and characterized by Min et al.
(MGI allele symbol: Gpr37l1<tm1Mktk>; see Table 2 for details of this and following Gpr3l1
and related targeted mutant/transgenic strains) [43].

The same authors also produced and studied a new transgenic strain, specifically
expressing the mouse Gpr37l1 protein in cardiomyocytes (MGI transgene symbol: Tg(Myh6-
Gpr37l1)#Mktk). Comparative phenotypic analyses found significantly higher blood pres-
sure and heart weight/body weight values in homozygous KO mice when compared to
transgenic mice, indicating some cardiovascular system-related function of Gpr37l1 [43].
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Table 2. Mouse Gpr37l1 mutant strains and Gpr37/Gpr37l1 double mutant strain.

Allele/Transgene Symbol
(MGI ID)

Mutation Type
Genetic Background References

Gpr37l1<tm1Mktk> (MGI: 6763374)
targeted constitutive KO strain

ES cells: 129S1/Sv
crossing: C57BL/6 [43–45]

Tg(Myh6-Gpr37l1)#Mktk (MGI: 6763370)
cardiac tissue-specific transgene-expressing strain

oocytes: not specified
crossing: not specified [43,45]

Gpr37l1<tm1.2Gtva> (MGI: 5439169)
targeted constitutive KO strain

obtained by crossing of
Gpr37l1<tm1.1Gtva> (MGI: 439168)
targeted conditional-ready strain to
Tg(CMV-cre)1Cgn (MGI: 2176180)
cre recombinase-expressing strain

ES cells: 129S6/SvEvTac
crossing: C57BL/6J

N: 2–10
cre recomb.: BALB/c, C57BL/6

[8,17,46–49]

Gpr37l1<tm1.2Gtva>, Ptch1<tm1Zim> (MGI: 1857935)
double targeted constitutive KO strain

Gpr37l1<tm1.2Gtva>:
as above

Ptch1<tm1Zim>:
ES cells: 129S2/SvPas

crossing: C57BL/6
N: >10

[48]

Gpr37l1<tm1Lex> (MGI: 3528734)
targeted lacZ reporter-tagged constitutive KO strain

ES cells: 129S/SvEvBrd
crossing: C57BL/6

N: 2–10
[38,40,50,51]

Gpr37l1<tm1Lex>, Gpr37<tm1Dgen>
double targeted lacZ reporter-tagged constitutive KO strain

Gpr37l1<tm1Lex>:
as above

Gpr37<tm1Dgen>:
as above (Table 1)

[38,40,52]

Gpr37l1<tm1b(EUCOMM)Wtsi>
targeted lacZ reporter-tagged constitutive KO strain

obtained by crossing of
Gpr37l1<tm1a(EUCOMM)Wtsi> (MGI: 4441736)

targeted lacZ reporter-tagged conditional-ready strain to
Tg(CMV-cre)1Cgn

cre recombinase-expressing strain

ES cells: C57BL/6N-A<tm1Brd>
crossing: C57BL/6

cre recomb.: BALB/c, C57BL/6
[45,53–55]

Gpr37l1<tm1d(EUCOMM)Wtsi> (MGI: 6150820)
targeted reporter-free constitutive KO strain

obtained by initial crossing of
Gpr37l1<tm1a(EUCOMM)Wtsi> (see above) to

Tg(ACTFLPe)9205Dym (MGI:2448985)
Flp recombinase-expressing strain

and crossing of resulting progeny to
Tg(CMV-cre)1Cgn

cre recombinase-expressing strain

ES cells: C57BL/6N-A<tm1Brd>
crossing: C57BL/6

Flp recomb.: SJL, C57BL/6
cre recomb.: BALB/c, C57BL/6

[45,53–55]

Abbreviations: MGI: Mouse Genome Informatics (http://www.informatics.jax.org/, accessed on 20 March 2022);
KO: knock-out mutant; ES cells: background strain of targeted mutant embryonic stem (ES) cells; oocytes:
background strain of transgene-injected oocytes; crossing: background strain of wild-type mice used in cross-
ing/backcrossing; N: number of backcross generations; cre recomb.: background strain of cre recombinase-
expressing mice; Flp recomb.: background strain of flippase recombinase-expressing mice.

Gpr37l1<tm1Mktk>-null mutants were later used to characterize the Gpr37l1 N-terminal
ectodomain as a potential cerebrospinal fluid biomarker, upon proteolytical processing by
matrix metalloproteases [44].

A distinct Gpr37l1 constitutive KO strain was produced and functionally studied by
Marazziti et al. [8] (MGI allele symbol: Gpr37l1<tm1.2Gtva>), upon crossing the correspond-
ing conditional-ready, floxed mutant strain (MGI allele symbol: Gpr37l1<tm1.1Gtva>) with
a transgenic strain, which ubiquitously expresses the cre recombinase protein (Table 2).

http://www.informatics.jax.org/
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The homozygous null mutant mice manifested specific alterations of postnatal cere-
bellar development, with premature down-regulation of granule neuron proliferation,
precocious Bergmann glia astrocytes and Purkinje neuron maturation and layering, and
improved motor abilities and coordination at juvenile and adult age [8].

The detailed comparative analysis of Gpr37l1<tm1.2Gtva> homozygous mutant and
wild-type littermate control animals also revealed that the Gpr37l1 receptor is specifically ex-
pressed in cerebellar Bergmann astrocytes, where it functionally interacts with the patched 1
(Ptch1) protein, the primary cilium’s membrane co-receptor of the sonic hedgehog (Shh)
proliferative peptide hormone [8,46]. Moreover, the Gpr37l1 protein was found to specifi-
cally interact with cerebellar astrocyte’s megalencephalic leukoencephalopathy-associated
membrane proteins [47].

The Gpr37l1<tm1.2Gtva> homozygous strain was then crossed to an established Ptch1
heterozygous KO (MGI allele symbol: Ptch1<tm1Zim>) model of cerebellar medulloblas-
toma (MB). The natural history analysis showed that the genetic ablation of Gpr37l1 results
in the marked delay of post-natal tumor occurrence and the decreased incidence of more
aggressive tumor types [48].

Furthermore, the comparative study of cerebellar primary astrocytes from
Gpr37l1<tm1.2Gtva> homozygous mutant and wild-type littermate pups elucidated the
regulatory role exerted by Gpr37l1 and prosaposin ligands on Ptch1 trafficking, Shh pro-
duction, and Shh-induced astrocyte proliferation [49].

Extensive comparative analyses of the Gpr37<tm2Gtva>, Gpr37<tm1Dgen>, and
Gpr37l1<tm1.2Gtva> KO strains had also demonstrated the specific co-expression of the
Gpr37 receptor and its proposed prosaposin ligand in developing testis’ Sertoli cells, whose
proliferation and maturation are markedly affected in Gpr37<tm2Gtva> homozygous null
mutant mice [17].

Another Gpr37l1 constitutive KO strain, expressing the lacZ reporter gene under the
control of the endogenous Gpr37l1 promoter (MGI allele symbol: Gpr37l1<tm1Lex>), was
made publicly available by Lexicon Genetics Inc.’s program for high-throughput mouse
gene KO production and phenotyping [50].

The Gpr37l1<tm1Lex> and Gpr37<tm1Dgen> homozygous strains were used by Gid-
dens et al. to show how the genetic inactivation of each receptor causes an increased
susceptibility to epileptic seizures [40]. The same authors also produced and analyzed a
novel Gpr37l1<tm1Lex> Gpr37<tm1Dgen> double homozygous KO strain, which exhibited
a remarkably more severe seizure susceptibility phenotype [40].

The comparative study of the Gpr37<tm1Dgen>, Gpr37l1<tm1Lex>, and Gpr37l1<tm1Lex>
Gpr37<tm1Dgen> KO strains had also shown the Gpr37-specific regulation of oligodendrocyte
myelin glycoprotein expression and susceptibility to demyelination [38].

Moreover, the quantitative proteomics analysis of brain tissue samples from Gpr37l1<tm1Lex>
Gpr37<tm1Dgen> double-KO mice revealed an altered pattern of protein expression in compar-
ison with wild-type control samples, including a marked decrease in the expression of the
myelin-associated glycoprotein and S100 calcium-binding protein A5 [52].

The Gpr37l1<tm1Lex> KO strain was also utilized to characterize the protective ef-
fects of Gpr37l1 and proposed prosaposin ligands [56] in brain ischemia and Gpr37l1’s
modulation of adult oligodendrocyte generation [51].

Targeted embryo stem (ES) cell clones, carrying a Gpr37l1 conditional-ready, floxed
mutant allele, with a lacZ reporter-tagged insertion (MGI allele symbol: Gpr37l1<tm1a
(EUCOMM)Wtsi>), were made publicly available by the large-scale conditional KO resource
of the International Knockout Mouse Consortium (IKMC)—European Conditional Mouse
Mutagenesis Program (EUCOMM), for the standardized, high-throughput, genome-wide
study of mouse gene function [53].

A Gpr37l1<tm1a(EUCOMM)Wtsi> floxed ES cell clone was used by Coleman et al. [54] to
obtain the corresponding conditional-ready mouse mutant strain. Appropriate combinations of
crossings to two transgenic strains, ubiquitously expressing the Saccharomyces cerevisiae flippase
(Flp) recombinase or the cre recombinase protein, resulted in the production of heterozygous,
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reporter-tagged constitutive KO (MGI allele symbol: Gpr37l1<tm1b(EUCOMM)Wtsi>) or ho-
mozygous, reporter-free constitutive KO (MGI allele symbol: Gpr37l1<tm1d(EUCOMM)Wtsi>)
progenies [54].

The two strains were then applied for elucidating Gpr37l1’s specific expression and sexually
dimorphic modulation of brainstem’s central cardiovascular control and homeostasis [54,55].
Moreover, an experimental reassessment of the cardiovascular phenotypes expressed by the
Gpr37l1<tm1Mktk>, Tg(Myh6-Gpr37l1)#Mktk [43], and Gpr37l1<tm1d(EUCOMM)Wtsi> strains
was carried out. The results of the detailed comparative analysis were interpreted as confirming
that the modulatory role of Gpr37l1 is specifically exerted in brain areas devoted to central
cardiovascular control [45].

Other research focused on kidney-specific, somatic silencing of Gpr37l1 expression by
renal subcapsular infusion of small interfering RNA molecules in adult C57BL/6 wild-type
mice, which resulted in increased urine output and sodium excretion, as well as decreased
blood pressure [57].

4. Disease Modeling Applications

Autosomal recessive juvenile PD (Disease Ontology (DO) ID: 0060368, https://disease-
ontology.org/?id=DOID:0060368, accessed on 20 March 2022; Online Mendelian Inheritance
in Man (OMIM) ID: 600116, https://www.omim.org/entry/600116, accessed on 20 March
2022; Orphanet ID: 2828, https://www.orpha.net/consor/cgi-bin/OC_Exp.php?lng=EN&
Expert=2828, accessed on 20 March 2022) is characterized by the early-onset, progressive
and selective loss of substantia nigra dopaminergic neurons [9].

This distinctive trait has been modeled by both the Prkn<tm1Ykt> KO and the Tg(Prp-
GPR37)1Ryot transgenic mouse strain, along with the Prkn<tm1Ykt> Tg(PDGFB-GPR37)20Ryot
double mutant strain [19], in agreement with the previously observed, similar phenotype in
Prkn<tm1Ykt> mice somatically expressing the human GPR37 protein, upon striatal injection
of a recombinant adenoviral vector in substantia nigra’s neurons [20].

The expression of the Tg(Prp-GPR37)1Ryot transgene in Prkn wild-type mouse brain
has also been reported to cause age-dependent, specific losses of dopaminergic neurons
in striatum and other brain regions, in addition to increased susceptibility to the 6-OHDA
dopaminergic neuron-specific toxin [18].

These findings are notably consistent with earlier studies of Drosophila melanogaster
transgenic lines overexpressing the human GPR37 protein in dopaminergic neurons [58,59]
and later analyses of rat (Rattus norvegicus) models overexpressing the endogenous GPR37
protein, following injection of a recombinant adeno-associated viral vector in the nigrostri-
atal system [60].

The independently established Gpr37<tm2Gtva> and Gpr37<tm1.1Ryot> mouse consti-
tutive KO strains have both displayed variably decreased susceptibility to the above neuro-
toxins, diminished striatal dopamine levels, and mild locomotor hypoactivity [11,12,18].

The results of the above studies thus support the hypothesis that altered protein
expression and/or neurotoxic events may lead to the intracellular mis-processing and
aggregation of GPR37 receptor molecules, a condition which is strongly enhanced in the
absence of efficient, parkin-mediated ubiquitination/proteasomal degradation, and consti-
tutes a specific causative factor in the PD-associated, selective degeneration of substantia
nigra neurons [11,12,18–20].

Different experimental outcomes have more recently been reported with Gpr37<tm1Dgen>
null mutant mice, which present augmented sensitivity to the neurotoxic effects of 6-OHDA
treatment and distinctive motor deficits at elder age [32].

More detailed comparative analyses may therefore be required to clearly distinguish
the neurodegenerative effects of Gpr37 overexpression/intracellular retention, and the
possible neuroprotective actions exerted by the receptor’s physiological expression at the
neuronal plasma membrane. To this end, the establishment and phenotypic characterization
of novel mouse mutant lines carrying nigrostriatal neuron- and age-specific KO alleles
may be necessary, e.g., by crossing Gpr37 conditional-ready, floxed mutant strains [11,18]
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to mutant mice expressing the cre recombinase protein in neuron-specific, developmental
stage-inducible modalities.

Gpr37’s interaction with various membrane protein targets and consequent modu-
lation of endoplasmic reticulum-associated protein degradation has also been studied by
pull-down and co-precipitation assays in whole-brain samples from wild-type C57BL/6J
mice and Wistar rats [61,62], as well as by Gpr37 somatic expression silencing in ex vivo
developing neurons from wild-type C57BL/6N mouse embryos [41]. Proteomics analysis
of mouse and rat brain samples have also identified novel potential targets of Gpr37’s and
Gpr37l1’s interaction [47,52,63].

More standardized, comparative investigations could then be conducted with mouse
transgenic strains, allowing the cell type- and age-specific functional expression of wild-
type Gpr37 and Gpr37l1 receptors and their possibly pathological variants, such as those
present in familial cases of autism and seizure susceptibility [40,62].

Mammalian prosaposin proteins, derived saposin peptides, and synthetic prosaptide
analogues exert cyto-trophic and -protective effects on a variety of cell types, at differ-
ent developmental stages [64,65], and prosaposin deficiency causes a specific type of
encephalopathy, a genetic lysosomal storage disease belonging to the group of sphingolipi-
doses [66] (https://disease-ontology.org/?id=DOID:0111330, accessed on 20 March 2022;
https://www.omim.org/entry/611721, accessed on 20 March 2022; https://www.orpha.
net/consor/cgi-bin/OC_Exp.php?lng=EN&Expert=139406, accessed on 20 March 2022).

Prosaposin and prosaptides have originally been proposed as Gpr37’s and Gpr37l1’s
specific ligands, following in vitro cell expression and receptor signaling assays [4,6], as
well as ex vivo somatic expression silencing by small interfering RNA molecules in cortical
astrocytes from wild-type C57BL/6 mouse pups [5], or by AAV-micro RNA vectors in
primary astrocytes or cortical neurons from brain samples of wild-type Wistar rat pups
or embryos [6].

The prosaptide-induced, Gpr37- or Gpr37l1-mediated activation of intracellular sig-
naling in certain mouse cell and tissue types has also been reported [16,49,56], as resulting
from comparative ex vivo assays of wild-type and null mutant samples. Moreover, the con-
comitant expression of prosaposin and the two proposed receptors has been documented
in various mouse tissues [16,17], as well as in glial and neuronal cells of developing or
regenerating rat nerves [67,68].

However, other studies with Gpr37 and Gpr37l1 null mutant models of seizure sus-
ceptibility, ischemic stroke, and central cardiovascular control have not confirmed the
co-expression of prosaposin and the two putative receptors, or the prosaptide-mediated
activation of their intracellular signaling [31,40,44].

Thus, the establishment and phenotypic characterization of novel mutant models
with variably combined cell type- and age-specific inducible ablation or expression of the
prosaposin, Gpr37, and Gpr37l1 genes may be required for the unequivocal assessment of the
proposed ligand–receptor interaction, in both physiological and pathological conditions.

Indeed, the elucidation of Bglap/osteocalcin’s effects on oligodendrocyte differentia-
tion and myelination via Gpr37 signaling has involved the complex, in vivo and ex vivo
comparative analysis of constitutive Bglap KO and constitutive or tissue-specific Gpr37
KO mouse models, along with the study of receptor function restoration in primary cell
precursors from Gpr37 null mutants, after transfection with Gpr37-expressing recombinant
lentivirus vectors [39].

Similar approaches could then be applied to the characterization of the proposed inter-
action between neuroprotectin D1 and Gpr37 in macrophages and the resulting protective
effects against infective sepsis and inflammatory pain [35,36].

Given the reported relation of human adenosine A2a receptor’s deleterious muta-
tion and rare childhood-onset, infection-associated acute encephalopathies with epilep-
tic seizures [69] (https://www.orpha.net/consor/cgi-bin/Disease_Search.php?lng=EN&
data_id=22322, accessed on 20 March 2022), it would also be important to further extend
the analysis of the presented interaction between the orthologous mouse adenosine A2a re-
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ceptor and Gpr37 proteins in the hippocampus and striatum [23–27], as well as investigate
the possible effects of Gpr37’s modulation on susceptibility to seizures [40].

Highly malignant, cerebellar MB [70] (https://disease-ontology.org/?id=DOID:0050902,
accessed on 20 March 2022; https://www.omim.org/entry/155255, accessed on 20 March 2022)
is among the most frequently diagnosed pediatric brain tumors. Shh-associated MB originates
postnatally, from Shh-induced, dysregulated hyperproliferation of neuronal precursors in the
developing cerebellum, as shown in heterozygous Ptch1<tm1Zim> KO and similar mouse
models of human MB occurrence and progression [71,72].

Noticeably, Gpr37l1 expression is altered in human MB [73], while the mouse Gpr37l1
protein has been shown to interact with Ptch1, the Shh-coreceptor, at the primary cilium
membrane in developing cerebellar astrocytes. Gpr37l1 thus modulates Ptch1 intracellular
trafficking, Shh production, and Shh-induced proliferation [8,48,49]. Moreover, double
mutant mice carrying both the homozygous Gpr37l1<tm1.2Gtva> and the heterozygous
Ptch1<tm1Zim> constitutive KO allele exhibit a marked delay in post-natal tumor occur-
rence and decreased incidence of more aggressive tumorigenic lesions [48].

More extensive studies of this double mutant model may then assist the detailed
molecular and cytological characterization of the initial phases of Shh-associated MB
occurrence and progression, as well as the pre-clinical assessment of potential applications
to novel diagnostic and therapeutic approaches [48].

Comparable experimental strategies could also be considered for modeling, in vivo,
Gpr37’s reported promotion of malignancy in some human tumor tissues and cell lines [74,75].

The functional analysis of the Gpr37 and Gpr37l1 genes can take great advantage
of the current availability of co-isogenic C57BL/6N reporter-tagged, constitutive or cell
type-specific KO mouse models. IKMC can in fact ensure the public of the ready provision
of the suitable C57BL/6N-targeted ES cell clones and of an ample collection of isogenic
C57BL/6N strains ubiquitously expressing the Flp or cre recombinase, or driving the cell
type-specific expression of cre recombinase [53].

Such co-isogenic strains can constitute ad hoc, standardized genetic tools for the de-
tailed, unbiased evaluation of complex phenotypic traits which have divergently been
reported in previous publications, including, e.g., the proposed modulatory effects of
Gpr37l1 on central cardiovascular control [45,55].

Co-isogenic C57BL/6N Gpr37 and Gpr37l1 mutant models can also be nominated and
prioritized for standardized, high-throughput primary phenotyping by IMPC [76]. This
leading global initiative systematically breeds at least one IKMC isogenic C57BL/6N KO
strain, for each mouse gene [53]. Female and male mutant and sex-/age-matched wild-type
control animals are then subjected to highly standardized in vivo and ex vivo phenotyping
tests across a wide range of biological systems, at the embryonal stage, as well as early
and late adult age. The resulting data are classified according to standard mammalian
phenotype ontology definitions and made publicly and freely available to the international
research community. Original programmatic comparisons are also carried out, allowing
the automated, unbiased scoring of similar phenotypic traits in phenotype ontology-based
descriptions of other mouse mutant models and human pathological conditions [76,77].

Notably, IMPC has ontologically classified so far observed phenotypic traits in pub-
lished Gpr37 and Gpr37l1 mouse mutants and has processed them for comparative scoring,
as described above. Several previously unreported associations between human diseases
and each receptor’s gene have thus been predicted by significant phenotypic similarity,
and may therefore constitute important insights for developing and pursuing novel lines of
research (https://www.mousephenotype.org/data/genes/MGI:1313297#disease-section,
accessed on 20 March 2022; https://www.mousephenotype.org/data/genes/MGI:192850
3#disease-section, accessed on 20 March 2022).

https://disease-ontology.org/?id=DOID:0050902
https://www.omim.org/entry/155255
https://www.mousephenotype.org/data/genes/MGI:1313297#disease-section
https://www.mousephenotype.org/data/genes/MGI:1928503#disease-section
https://www.mousephenotype.org/data/genes/MGI:1928503#disease-section


Int. J. Mol. Sci. 2022, 23, 4288 10 of 13

Author Contributions: Conceptualization, M.M., C.D.P., G.L.S. and R.M.; data curation, M.M. and
R.M.; writing—original draft preparation, R.M.; writing—review and editing, M.M., C.D.P., G.L.S.
and R.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors participate in the activities of Infrafrontier-European Mouse Mu-
tant Archive (EMMA) Network Research Infrastructure (European Strategy Forum on Research
Infrastructures Landmark; www.infrafrontier.eu, accessed on 20 March 2022) and International
Mouse Phenotyping Consortium (IMPC, G7 Science Ministers’ Mature Global Initiative; www.
mousephenotype.org, accessed on 20 March 2022), at Consiglio Nazionale delle Ricerche (CNR,
Italian National Research Council)—Monterotondo Scalo (Rome, Italy), the Italian founding partner
of Infrafrontier-EMMA and IMPC (www.ibbc.cnr.it/research-topics/murine-models/, accessed on
20 March 2022; www.ibbc.cnr.it/mouseclinic-emma/#mc, accessed on 20 March 2022). The au-
thors are much grateful to all colleagues at the European and worldwide partner Institutions of
Infrafrontier-EMMA and IMPC.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Valdenaire, O.; Giller, T.; Breu, V.; Ardati, A.; Schweizer, A.; Richards, J.G. A New Family of Orphan G Protein-Coupled Receptors

Predominantly Expressed in the Brain. FEBS Lett. 1998, 424, 193–196. [CrossRef]
2. Marazziti, D.; Golini, E.; Gallo, A.; Lombardi, M.S.; Matteoni, R.; Tocchini-Valentini, G.P. Cloning of GPR37, a Gene Located on

Chromosome 7 Encoding a Putative g- Protein-Coupled Peptide Receptor, from a Human Frontal Brain EST Library. Genomics
1997, 45, 68–77. [CrossRef]

3. Marazziti, D.; Gallo, A.; Golini, E.; Matteoni, R.; Tocchini-Valentini, G.P. Molecular Cloning and Chromosomal Localization of the
Mouse Gpr37 Gene Encoding an Orphan G-Protein-Coupled Peptide Receptor Expressed in Brain and Testis. Genomics 1998,
53, 315–324. [CrossRef] [PubMed]

4. Meyer, R.C.; Giddens, M.M.; Schaefer, S.A.; Hall, R.A. GPR37 and GPR37L1 Are Receptors for the Neuroprotective and
Glioprotective Factors Prosaptide and Prosaposin. Proc. Natl. Acad. Sci. USA 2013, 110, 9529–9534. [CrossRef]

5. Lundius, E.G.; Vukojevic, V.; Hertz, E.; Stroth, N.; Cederlund, A.; Hiraiwa, M.; Terenius, L.; Svenningsson, P. GPR37 Protein
Trafficking to the Plasma Membrane Regulated by Prosaposin and GM1 Gangliosides Promotes Cell Viability. J. Biol. Chem. 2014,
289, 4660–4673. [CrossRef]

6. Liu, B.; Mosienko, V.; Vaccari Cardoso, B.; Prokudina, D.; Huentelman, M.; Teschemacher, A.G.; Kasparov, S. Glio- and Neuro-
Protection by Prosaposin Is Mediated by Orphan G-Protein Coupled Receptors GPR37L1 and GPR37. Glia 2018, 66, 2414–2426.
[CrossRef]

7. Imai, Y.; Soda, M.; Inoue, H.; Hattori, N.; Mizuno, Y.; Takahashi, R. An Unfolded Putative Transmembrane Polypeptide, Which
Can Lead to Endoplasmic Reticulum Stress, Is a Substrate of Parkin. Cell 2001, 105, 891–902. [CrossRef]

8. Marazziti, D.; di Pietro, C.; Golini, E.; Mandillo, S.; la Sala, G.; Matteoni, R.; Tocchini-Valentini, G.P. Precocious Cerebellum
Development and Improved Motor Functions in Mice Lacking the Astrocyte Cilium-,Patched 1-Associated Gpr37l1 Receptor.
Proc. Natl. Acad. Sci. USA 2013, 110, 16486–16491. [CrossRef]

9. Kitada, T.; Asakawa, S.; Hattori, N.; Matsumine, H.; Yamamura, Y.; Minoshima, S.; Yokochi, M.; Mizuno, Y.; Shimizu, N. Mutations
in the Parkin Gene Cause Autosomal Recessive Juvenile Parkinsonism. Nature 1998, 392, 605–608. [CrossRef]

10. Feany, M.B.; Pallanck, L.J. Parkin. Neuron 2003, 38, 13–16. [CrossRef]
11. Marazziti, D.; Golini, E.; Mandillo, S.; Magrelli, A.; Witke, W.; Matteoni, R.; Tocchini-Valentini, G.P. Altered Dopamine Signaling

and MPTP Resistance in Mice Lacking the Parkinson’s Disease-Associated GPR37/Parkin-Associated Endothelin-like Receptor.
Proc. Natl. Acad. Sci. USA 2004, 101, 10189–10194. [CrossRef] [PubMed]

12. Marazziti, D.; Mandillo, S.; di Pietro, C.; Golini, E.; Matteoni, R.; Tocchini-Valentini, G.P. GPR37 Associates with the Dopamine
Transporter to Modulate Dopamine Uptake and Behavioral Responses to Dopaminergic Drugs. Proc. Natl. Acad. Sci. USA 2007,
104, 9846–9851. [CrossRef] [PubMed]

13. Marazziti, D.; di Pietro, C.; Golini, E.; Mandillo, S.; Matteoni, R.; Tocchini-Valentini, G.P. Induction of Macroautophagy by
Overexpression of the Parkinson’s Disease-Associated GPR37 Receptor. FASEB J. 2009, 23, 1978–1987. [CrossRef] [PubMed]

14. Marazziti, D.; di Pietro, C.; Mandillo, S.; Golini, E.; Matteoni, R.; Tocchini-Valentini, G.P. Absence of the GPR37/PAEL Receptor
Impairs Striatal Akt and ERK2 Phosphorylation, ∆FosB Expression, and Conditioned Place Preference to Amphetamine and
Cocaine. FASEB J. 2011, 25, 2071–2081. [CrossRef]

www.infrafrontier.eu
www.mousephenotype.org
www.mousephenotype.org
www.ibbc.cnr.it/research-topics/murine-models/
www.ibbc.cnr.it/mouseclinic-emma/#mc
http://doi.org/10.1016/S0014-5793(98)00170-7
http://doi.org/10.1006/geno.1997.4900
http://doi.org/10.1006/geno.1998.5433
http://www.ncbi.nlm.nih.gov/pubmed/9799598
http://doi.org/10.1073/pnas.1219004110
http://doi.org/10.1074/jbc.M113.510883
http://doi.org/10.1002/glia.23480
http://doi.org/10.1016/S0092-8674(01)00407-X
http://doi.org/10.1073/pnas.1314819110
http://doi.org/10.1038/33416
http://doi.org/10.1016/S0896-6273(03)00201-0
http://doi.org/10.1073/pnas.0403661101
http://www.ncbi.nlm.nih.gov/pubmed/15218106
http://doi.org/10.1073/pnas.0703368104
http://www.ncbi.nlm.nih.gov/pubmed/17519329
http://doi.org/10.1096/fj.08-121210
http://www.ncbi.nlm.nih.gov/pubmed/19218498
http://doi.org/10.1096/fj.10-175737


Int. J. Mol. Sci. 2022, 23, 4288 11 of 13

15. Mandillo, S.; Golini, E.; Marazziti, D.; di Pietro, C.; Matteoni, R.; Tocchini-Valentini, G.P. Mice Lacking the Parkinson’s Related
GPR37/PAEL Receptor Show Non-Motor Behavioral Phenotypes: Age and Gender Effect. Genes Brain Behav. 2013, 12, 465–477.
[CrossRef]

16. Saadi, H.; Shan, Y.; Marazziti, D.; Wray, S. GPR37 Signaling Modulates Migration of Olfactory Ensheathing Cells and Gonadotropin
Releasing Hormone Cells in Mice. Front. Cell. Neurosci. 2019, 13, 200. [CrossRef]

17. La Sala, G.; Marazziti, D.; di Pietro, C.; Golini, E.; Matteoni, R.; Tocchini-Valentini, G.P. Modulation of Dhh Signaling and Altered
Sertoli Cell Function in Mice Lacking the GPR37-Prosaposin Receptor. FASEB J. 2015, 29, 2059–2069. [CrossRef] [PubMed]

18. Imai, Y.; Inoue, H.; Kataoka, A.; Hua-Qin, W.; Masuda, M.; Ikeda, T.; Tsukita, K.; Soda, M.; Kodama, T.; Fuwa, T.; et al. Pael
Receptor Is Involved in Dopamine Metabolism in the Nigrostriatal System. Neurosci. Res. 2007, 59, 413–425. [CrossRef]

19. Wang, H.-Q.; Imai, Y.; Inoue, H.; Kataoka, A.; Iita, S.; Nukina, N.; Takahashi, R. Pael-R Transgenic Mice Crossed with Parkin
Deficient Mice Displayed Progressive and Selective Catecholaminergic Neuronal Loss. J. Neurochem. 2008, 107, 171–185. [CrossRef]

20. Kitao, Y.; Imai, Y.; Ozawa, K.; Kataoka, A.; Ikeda, T.; Soda, M.; Nakimawa, K.; Kiyama, H.; Stern, D.M.; Hori, O.; et al. Pael
Receptor Induces Death of Dopaminergic Neurons in the Substantia Nigra via Endoplasmic Reticulum Stress and Dopamine
Toxicity, Which Is Enhanced under Condition of Parkin Inactivation. Hum. Mol. Genet. 2007, 16, 50–60. [CrossRef]

21. Moore, M.W. High-Throughput Gene Knockouts and Phenotyping in Mice. Ernst Scher. Res. Found. Workshop 2005, 50, 27–44.
[CrossRef]

22. Roesch, K.; Jadhav, A.P.; Trimarchi, J.M.; Stadler, M.B.; Roska, B.; Sun, B.B.; Cepko, C.L. The Transcriptome of Retinal Müller Glial
Cells. J. Comp. Neurol. 2008, 509, 225–238. [CrossRef] [PubMed]

23. Gandía, J.; Morató, X.; Stagljar, I.; Fernández-Dueñas, V.; Ciruela, F. Adenosine A2A Receptor-Mediated Control of Pilocarpine-
Induced Tremulous Jaw Movements Is Parkinson’s Disease-Associated GPR37 Receptor-Dependent. Behav. Brain Res. 2015,
288, 103–106. [CrossRef] [PubMed]

24. Lopes, J.P.; Morató, X.; Souza, C.; Pinhal, C.; Machado, N.J.; Canas, P.M.; Silva, H.B.; Stagljar, I.; Gandía, J.; Fernández-Dueñas, V.;
et al. The Role of Parkinson’s Disease-Associated Receptor GPR37 in the Hippocampus: Functional Interplay with the Adenosin-
ergic System. J. Neurochem. 2015, 134, 135–146. [CrossRef]

25. Morató, X.; Luján, R.; López-Cano, M.; Gandía, J.; Stagljar, I.; Watanabe, M.; Cunha, R.A.; Fernández-Dueñas, V.; Ciruela, F. The
Parkinson’s Disease-Associated GPR37 Receptor Interacts with Striatal Adenosine A2A Receptor Controlling Its Cell Surface
Expression and Function In Vivo. Sci. Rep. 2017, 7, 9452. [CrossRef]

26. Sokolina, K.; Kittanakom, S.; Snider, J.; Kotlyar, M.; Maurice, P.; Gandía, J.; Benleulmi-Chaachoua, A.; Tadagaki, K.; Oishi, A.;
Wong, V.; et al. Systematic Protein–Protein Interaction Mapping for Clinically Relevant Human GPCRs. Mol. Syst. Biol. 2017,
13, 918. [CrossRef]

27. Morató, X.; Gonçalves, F.Q.; Lopes, J.P.; Jauregui, O.; Soler, C.; Fernández-Dueñas, V.; Cunha, R.A.; Ciruela, F. Chronic Adenosine
A2A Receptor Blockade Induces Locomotor Sensitization and Potentiates Striatal LTD IN GPR37-Deficient Mice. J. Neurochem.
2019, 148, 796–809. [CrossRef]

28. Rial, D.; Morató, X.; Real, J.I.; Gonçalves, F.Q.; Stagljar, I.; Pereira, F.C.; Fernández-Dueñas, V.; Cunha, R.A.; Ciruela, F. Parkinson’s
Disease-Associated GPR37 Receptor Regulates Cocaine-Mediated Synaptic Depression in Corticostriatal Synapses. Neurosci. Lett.
2017, 638, 162–166. [CrossRef]

29. Veenit, V.; Zhang, X.; Ambrosini, A.; Sousa, V.; Svenningsson, P. The Effect of Early Life Stress on Emotional Behaviors in
GPR37KO Mice. Int. J. Mol. Sci. 2021, 23, 410. [CrossRef]

30. McCrary, M.R.; Jiang, M.Q.; Giddens, M.M.; Zhang, J.Y.; Owino, S.; Wei, Z.Z.; Zhong, W.; Gu, X.; Xin, H.; Hall, R.A.; et al.
Protective Effects of GPR37 via Regulation of Inflammation and Multiple Cell Death Pathways after Ischemic Stroke in Mice.
FASEB J. 2019, 33, 10680–10691. [CrossRef]

31. Owino, S.; Giddens, M.M.; Jiang, J.G.; Nguyen, T.T.; Shiu, F.H.; Lala, T.; Gearing, M.; McCrary, M.R.; Gu, X.; Wei, L.; et al. GPR37
Modulates Progenitor Cell Dynamics in a Mouse Model of Ischemic Stroke. Exp. Neurol. 2021, 342, 113719. [CrossRef] [PubMed]

32. Zhang, X.; Mantas, I.; Fridjonsdottir, E.; Andrén, P.E.; Chergui, K.; Svenningsson, P. Deficits in Motor Performance, Neurotrans-
mitters and Synaptic Plasticity in Elderly and Experimental Parkinsonian Mice Lacking GPR37. Front. Aging Neurosci. 2020,
12, 1–11. [CrossRef] [PubMed]

33. Morató, X.; Garcia-Esparcia, P.; Argerich, J.; Llorens, F.; Zerr, I.; Paslawski, W.; Borràs, E.; Sabidó, E.; Petäjä-Repo, U.E.; Fernández-
Dueñas, V.; et al. Ecto-GPR37: A Potential Biomarker for Parkinson’s Disease. Transl. Neurodegener. 2021, 10, 8. [CrossRef]

34. Mattila, S.O.; Tuhkanen, H.E.; Lackman, J.J.; Konzack, A.; Morató, X.; Argerich, J.; Saftig, P.; Ciruela, F.; Petäjä-Repo, U.E. GPR37
Is Processed in the N-Terminal Ectodomain by ADAM10 and Furin. FASEB J. 2021, 35, e21654. [CrossRef] [PubMed]

35. Bang, S.; Xie, Y.-K.; Zhang, Z.-J.; Wang, Z.; Xu, Z.-Z.; Ji, R.-R. GPR37 Regulates Macrophage Phagocytosis and Resolution of
Inflammatory Pain. J. Clin. Investig. 2018, 128, 3568–3582. [CrossRef]

36. Bang, S.; Donnelly, C.R.; Luo, X.; Toro-Moreno, M.; Tao, X.; Wang, Z.; Chandra, S.; Bortsov, A.V.; Derbyshire, E.R.; Ji, R.R.
Activation of GPR37 in Macrophages Confers Protection against Infection-Induced Sepsis and Pain-like Behaviour in Mice. Nat.
Commun. 2021, 12, 1704. [CrossRef]

37. Yang, H.J.; Vainshtein, A.; Maik-Rachline, G.; Peles, E. G Protein-Coupled Receptor 37 Is a Negative Regulator of Oligodendrocyte
Differentiation and Myelination. Nat. Commun. 2016, 7, 10884. [CrossRef]

http://doi.org/10.1111/gbb.12041
http://doi.org/10.3389/fncel.2019.00200
http://doi.org/10.1096/fj.14-269209
http://www.ncbi.nlm.nih.gov/pubmed/25609427
http://doi.org/10.1016/j.neures.2007.08.005
http://doi.org/10.1111/j.1471-4159.2008.05607.x
http://doi.org/10.1093/hmg/ddl439
http://doi.org/10.1007/3-540-26811-1_2
http://doi.org/10.1002/cne.21730
http://www.ncbi.nlm.nih.gov/pubmed/18465787
http://doi.org/10.1016/j.bbr.2015.04.001
http://www.ncbi.nlm.nih.gov/pubmed/25862943
http://doi.org/10.1111/jnc.13109
http://doi.org/10.1038/s41598-017-10147-x
http://doi.org/10.15252/msb.20167430
http://doi.org/10.1111/jnc.14653
http://doi.org/10.1016/j.neulet.2016.12.040
http://doi.org/10.3390/ijms23010410
http://doi.org/10.1096/fj.201900070R
http://doi.org/10.1016/j.expneurol.2021.113719
http://www.ncbi.nlm.nih.gov/pubmed/33839144
http://doi.org/10.3389/fnagi.2020.00084
http://www.ncbi.nlm.nih.gov/pubmed/32292338
http://doi.org/10.1186/s40035-021-00232-7
http://doi.org/10.1096/fj.202002385RR
http://www.ncbi.nlm.nih.gov/pubmed/34042202
http://doi.org/10.1172/JCI99888
http://doi.org/10.1038/s41467-021-21940-8
http://doi.org/10.1038/ncomms10884


Int. J. Mol. Sci. 2022, 23, 4288 12 of 13

38. Smith, B.M.; Giddens, M.M.; Neil, J.; Owino, S.; Nguyen, T.K.T.; Duong, D.; Li, F.; Hall, R.A. Mice Lacking Gpr37 Exhibit
Decreased Expression of the Myelin-Associated Glycoprotein MAG and Increased Susceptibility to Demyelination. Neuroscience
2017, 358, 49–57. [CrossRef]

39. Qian, Z.; Li, H.; Yang, H.; Yang, Q.; Lu, Z.; Wang, L.; Chen, Y.; Li, X. Osteocalcin Attenuates Oligodendrocyte Differentiation and
Myelination via GPR37 Signaling in the Mouse Brain. Sci. Adv. 2021, 7, eabi5811. [CrossRef]

40. Giddens, M.M.; Wong, J.C.; Schroeder, J.P.; Farrow, E.G.; Smith, B.M.; Owino, S.; Soden, S.E.; Meyer, R.C.; Saunders, C.;
LePichon, J.B.; et al. GPR37L1 Modulates Seizure Susceptibility: Evidence from Mouse Studies and Analyses of a Human
GPR37L1 Variant. Neurobiol. Dis. 2017, 106, 181–190. [CrossRef]

41. Berger, B.S.; Acebron, S.P.; Herbst, J.; Koch, S.; Niehrs, C. Parkinson’s Disease-associated Receptor GPR37 Is an ER Chaperone for
LRP6. EMBO Rep. 2017, 18, 712–725. [CrossRef] [PubMed]

42. Zheng, W.; Zhou, J.; Luan, Y.; Yang, J.; Ge, Y.; Wang, M.; Wu, B.; Wu, Z.; Chen, X.; Li, F.; et al. Spatiotemporal Control of GPR37
Signaling and Its Behavioral Effects by Optogenetics. Front. Mol. Neurosci. 2018, 11, 95. [CrossRef] [PubMed]

43. Min, K.D.; Asakura, M.; Liao, Y.; Nakamaru, K.; Okazaki, H.; Takahashi, T.; Fujimoto, K.; Ito, S.; Takahashi, A.; Asanuma, H.; et al.
Identification of Genes Related to Heart Failure Using Global Gene Expression Profiling of Human Failing Myocardium. Biochem.
Biophys. Res. Commun. 2010, 393, 55–60. [CrossRef] [PubMed]

44. Coleman, J.L.J.; Ngo, T.; Smythe, R.E.; Cleave, A.J.; Jones, N.M.; Graham, R.M.; Smith, N.J. The N-Terminus of GPR37L1 Is
Proteolytically Processed by Matrix Metalloproteases. Sci. Rep. 2020, 10, 19995. [CrossRef]

45. Mouat, M.A.; Coleman, J.L.J.; Wu, J.; dos Remedios, C.G.; Feneley, M.P.; Graham, R.M.; Smith, N.J. Involvement of GPR37L1
in Murine Blood Pressure Regulation and Human Cardiac Disease Pathophysiology. Am. J. Physiol.-Heart Circ. Physiol. 2021,
321, H807–H817. [CrossRef]

46. Di Pietro, C.; Marazziti, D.; la Sala, G.; Abbaszadeh, Z.; Golini, E.; Matteoni, R.; Tocchini-Valentini, G.P. Primary Cilia in the
Murine Cerebellum and in Mutant Models of Medulloblastoma. Cell. Mol. Neurobiol. 2017, 37, 145–154. [CrossRef]

47. Alonso-Gardón, M.; Elorza-Vidal, X.; Castellanos, A.; la Sala, G.; Armand-Ugon, M.; Gilbert, A.; di Pietro, C.; Pla-Casillanis, A.;
Ciruela, F.; Gasull, X.; et al. Identification of the GlialCAM Interactome: The G Protein-Coupled Receptors GPRC5B and GPR37L1
Modulate Megalencephalic Leukoencephalopathy Proteins. Hum. Mol. Genet. 2021, 30, 1649–1665. [CrossRef]

48. Di Pietro, C.; la Sala, G.; Matteoni, R.; Marazziti, D.; Tocchini-Valentini, G.P. Genetic Ablation of Gpr37l1 Delays Tumor Occurrence
in Ptch1+/− Mouse Models of Medulloblastoma. Exp. Neurol. 2019, 312, 33–42. [CrossRef]

49. La Sala, G.; di Pietro, C.; Matteoni, R.; Bolasco, G.; Marazziti, D.; Tocchini-Valentini, G.P. Gpr37l1/Prosaposin Receptor Regulates
Ptch1 Trafficking, Shh Production, and Cell Proliferation in Cerebellar Primary Astrocytes. J. Neurosci. Res. 2021, 99, 1064–1083.
[CrossRef]

50. Tang, T.; Li, L.; Tang, J.; Li, Y.; Lin, W.Y.; Martin, F.; Grant, D.; Solloway, M.; Parker, L.; Ye, W.; et al. A Mouse Knockout Library for
Secreted and Transmembrane Proteins. Nat. Biotechnol. 2010, 28, 749–755. [CrossRef]

51. An, J.; Zhang, Y.; Fudge, A.D.; Lu, H.; Richardson, W.D.; Li, H. G Protein-coupled Receptor GPR37-like 1 Regulates Adult
Oligodendrocyte Generation. Dev. Neurobiol. 2021, 81, 975–984. [CrossRef] [PubMed]

52. Nguyen, T.T.; Dammer, E.B.; Owino, S.A.; Giddens, M.M.; Madaras, N.S.; Duong, D.M.; Seyfried, N.T.; Hall, R.A. Quantitative
Proteomics Reveal an Altered Pattern of Protein Expression in Brain Tissue from Mice Lacking GPR37 and GPR37L1. J. Proteome
Res. 2020, 19, 744–755. [CrossRef] [PubMed]

53. Skarnes, W.C.; Rosen, B.; West, A.P.; Koutsourakis, M.; Bushell, W.; Iyer, V.; Mujica, A.O.; Thomas, M.; Harrow, J.; Cox, T.; et al. A
Conditional Knockout Resource for the Genome-Wide Study of Mouse Gene Function. Nature 2011, 474, 337–342. [CrossRef]
[PubMed]

54. Coleman, J.L.J.; Mouat, M.A.; Wu, J.; Jancovski, N.; Bassi, J.K.; Chan, A.Y.; Humphreys, D.T.; Mrad, N.; Yu, Z.-Y.; Ngo, T.; et al.
Orphan Receptor GPR37L1 Contributes to the Sexual Dimorphism of Central Cardiovascular Control. Biol. Sex Differ. 2018, 9, 14.
[CrossRef] [PubMed]

55. Mouat, M.A.; Jackson, K.L.; Coleman, J.L.J.; Paterson, M.R.; Graham, R.M.; Head, G.A.; Smith, N.J. Deletion of Orphan G
Protein-Coupled Receptor GPR37L1 in Mice Alters Cardiovascular Homeostasis in a Sex-Specific Manner. Front. Pharmacol. 2021,
11, 2384. [CrossRef]

56. Jolly, S.; Bazargani, N.; Quiroga, A.C.; Pringle, N.P.; Attwell, D.; Richardson, W.D.; Li, H. G Protein-Coupled Receptor 37-like 1
Modulates Astrocyte Glutamate Transporters and Neuronal NMDA Receptors and Is Neuroprotective in Ischemia. Glia 2018, 66,
47–61. [CrossRef]

57. Zheng, X.; Asico, L.D.; Ma, X.; Konkalmatt, P.R. G Protein-Coupled Receptor 37L1 Regulates Renal Sodium Transport and Blood
Pressure. Am. J. Physiol. Ren. Physiol. 2019, 316, F506–F516. [CrossRef]

58. Yang, Y.; Nishimura, I.; Imai, Y.; Takahashi, R.; Lu, B. Parkin Suppresses Dopaminergic Neuron-Selective Neurotoxicity Induced
by Pael-R in Drosophila. Neuron 2003, 37, 911–924. [CrossRef]

59. Umeda-Kameyama, Y.; Tsuda, M.; Ohkura, C.; Matsuo, T.; Namba, Y.; Ohuchi, Y.; Aigaki, T. Thioredoxin Suppresses Parkin-
Associated Endothelin Receptor-like Receptor-Induced Neurotoxicity and Extends Longevity in Drosophila. J. Biol. Chem. 2007,
282, 11180–11187. [CrossRef]

60. Dusonchet, J.; Bensadoun, J.-C.; Schneider, B.L.; Aebischer, P. Targeted Overexpression of the Parkin Substrate Pael-R in the
Nigrostriatal System of Adult Rats to Model Parkinson’s Disease. Neurobiol. Dis. 2009, 35, 32–41. [CrossRef]

http://doi.org/10.1016/j.neuroscience.2017.06.006
http://doi.org/10.1126/sciadv.abi5811
http://doi.org/10.1016/j.nbd.2017.07.006
http://doi.org/10.15252/embr.201643585
http://www.ncbi.nlm.nih.gov/pubmed/28341812
http://doi.org/10.3389/fnmol.2018.00095
http://www.ncbi.nlm.nih.gov/pubmed/29643766
http://doi.org/10.1016/j.bbrc.2010.01.076
http://www.ncbi.nlm.nih.gov/pubmed/20100464
http://doi.org/10.1038/s41598-020-76384-9
http://doi.org/10.1152/ajpheart.00198.2021
http://doi.org/10.1007/s10571-016-0354-3
http://doi.org/10.1093/hmg/ddab155
http://doi.org/10.1016/j.expneurol.2018.11.004
http://doi.org/10.1002/jnr.24775
http://doi.org/10.1038/nbt.1644
http://doi.org/10.1002/dneu.22854
http://www.ncbi.nlm.nih.gov/pubmed/34601807
http://doi.org/10.1021/acs.jproteome.9b00622
http://www.ncbi.nlm.nih.gov/pubmed/31903766
http://doi.org/10.1038/nature10163
http://www.ncbi.nlm.nih.gov/pubmed/21677750
http://doi.org/10.1186/s13293-018-0173-y
http://www.ncbi.nlm.nih.gov/pubmed/29625592
http://doi.org/10.3389/fphar.2020.600266
http://doi.org/10.1002/glia.23198
http://doi.org/10.1152/ajprenal.00289.2018
http://doi.org/10.1016/S0896-6273(03)00143-0
http://doi.org/10.1074/jbc.M700937200
http://doi.org/10.1016/j.nbd.2009.03.013


Int. J. Mol. Sci. 2022, 23, 4288 13 of 13

61. Dutta, P.; O’Connell, K.E.; Ozkan, S.B.; Sailer, A.W.; Dev, K.K. The Protein Interacting with C-Kinase (PICK1) Interacts with
and Attenuates Parkin-Associated Endothelial-like (PAEL) Receptor-Mediated Cell Death. J. Neurochem. 2014, 130, 360–373.
[CrossRef] [PubMed]

62. Tanabe, Y.; Fujita-Jimbo, E.; Momoi, M.Y.; Momoi, T. CASPR2 Forms a Complex with GPR37 via MUPP1 but Not with
GPR37(R558Q), an Autism Spectrum Disorder-Related Mutation. J. Neurochem. 2015, 134, 783–793. [CrossRef] [PubMed]

63. Sinsky, J.; Majerova, P.; Kovac, A.; Kotlyar, M.; Jurisica, I.; Hanes, J. Physiological Tau Interactome in Brain and Its Link to
Tauopathies. J. Proteome Res. 2020, 19, 2429–2442. [CrossRef]

64. O’Brien, J.S.; Carson, G.S.; Seo, H.C.; Hiraiwa, M.; Kishimoto, Y. Identification of Prosaposin as a Neurotrophic Factor. Proc. Natl.
Acad. Sci. USA 1994, 91, 9593–9596. [CrossRef]

65. Meyer, R.C.; Giddens, M.M.; Coleman, B.M.; Hall, R.A. The Protective Role of Prosaposin and Its Receptors in the Nervous
System. Brain Res. 2014, 1585, 1–12. [CrossRef]

66. Hulkova, H. A Novel Mutation in the Coding Region of the Prosaposin Gene Leads to a Complete Deficiency of Prosaposin and
Saposins, and Is Associated with a Complex Sphingolipidosis Dominated by Lactosylceramide Accumulation. Hum. Mol. Genet.
2001, 10, 927–940. [CrossRef]

67. Kunihiro, J.; Nabeka, H.; Wakisaka, H.; Unuma, K.; Khan, M.d.S.I.; Shimokawa, T.; Islam, F.; Doihara, T.; Yamamiya, K.; Saito, S.;
et al. Prosaposin and Its Receptors GRP37 and GPR37L1 Show Increased Immunoreactivity in the Facial Nucleus Following
Facial Nerve Transection. PLoS ONE 2020, 15, e0241315. [CrossRef]

68. Taniguchi, M.; Nabeka, H.; Yamamiya, K.; Khan, M.d.S.I.; Shimokawa, T.; Islam, F.; Doihara, T.; Wakisaka, H.; Kobayashi, N.;
Hamada, F.; et al. The Expression of Prosaposin and Its Receptors, GRP37 and GPR37L1, Are Increased in the Developing Dorsal
Root Ganglion. PLoS ONE 2021, 16, e0255958. [CrossRef]

69. Shinohara, M.; Saitoh, M.; Nishizawa, D.; Ikeda, K.; Hirose, S.; Takanashi, J.; Takita, J.; Kikuchi, K.; Kubota, M.; Yamanaka,
G.; et al. ADORA2A Polymorphism Predisposes Children to Encephalopathy with Febrile Status Epilepticus. Neurology 2013,
80, 1571–1576. [CrossRef]

70. Crawford, J.R.; MacDonald, T.J.; Packer, R.J. Medulloblastoma in Childhood: New Biological Advances. Lancet. Neurol. 2007,
6, 1073–1085. [CrossRef]

71. Hahn, H.; Wojnowski, L.; Zimmer, A.M.; Hall, J.; Miller, G.; Zimmer, A. Rhabdomyosarcomas and Radiation Hypersensitivity in a
Mouse Model of Gorlin Syndrome. Nat. Med. 1998, 4, 619–622. [CrossRef] [PubMed]

72. Hahn, H.; Wojnowski, L.; Miller, G.; Zimmer, A. The Patched Signaling Pathway in Tumorigenesis and Development: Lessons
from Animal Models. J. Mol. Med. 1999, 77, 459–468. [CrossRef]

73. Whittier, K.L.; Boese, E.A.; Gibson-Corley, K.N.; Kirby, P.A.; Darbro, B.W.; Qian, Q.; Ingram, W.J.; Robertson, T.; Remke, M.; Taylor,
M.D.; et al. G-Protein Coupled Receptor Expression Patterns Delineate Medulloblastoma Subgroups. Acta Neuropathol. Commun.
2013, 1, 66. [CrossRef] [PubMed]

74. Wang, H.; Hu, L.; Zang, M.; Zhang, B.; Duan, Y.; Fan, Z.; Li, J.; Su, L.; Yan, M.; Zhu, Z.; et al. REG4 Promotes Peritoneal Metastasis
of Gastric Cancer through GPR37. Oncotarget 2016, 7, 27874–27888. [CrossRef] [PubMed]

75. Wang, J.; Xu, M.; Li, D.D.; Abudukelimu, W.; Zhou, X.H. GPR37 Promotes the Malignancy of Lung Adenocarcinoma via
TGF-β/Smad Pathway. Open Med. 2021, 16, 24–32. [CrossRef] [PubMed]

76. Koscielny, G.; Yaikhom, G.; Iyer, V.; Meehan, T.F.; Morgan, H.; Atienza-Herrero, J.; Blake, A.; Chen, C.-K.; Easty, R.; di Fenza, A.;
et al. The International Mouse Phenotyping Consortium Web Portal, a Unified Point of Access for Knockout Mice and Related
Phenotyping Data. Nucleic Acids Res. 2014, 42, D802-9. [CrossRef] [PubMed]

77. Meehan, T.F.; Conte, N.; West, D.B.; Jacobsen, J.O.; Mason, J.; Warren, J.; Chen, C.-K.; Tudose, I.; Relac, M.; Matthews, P.; et al.
Disease Model Discovery from 3,328 Gene Knockouts by The International Mouse Phenotyping Consortium. Nat. Genet. 2017,
49, 1231–1238. [CrossRef]

http://doi.org/10.1111/jnc.12741
http://www.ncbi.nlm.nih.gov/pubmed/24749734
http://doi.org/10.1111/jnc.13168
http://www.ncbi.nlm.nih.gov/pubmed/25977097
http://doi.org/10.1021/acs.jproteome.0c00137
http://doi.org/10.1073/pnas.91.20.9593
http://doi.org/10.1016/j.brainres.2014.08.022
http://doi.org/10.1093/hmg/10.9.927
http://doi.org/10.1371/journal.pone.0241315
http://doi.org/10.1371/journal.pone.0255958
http://doi.org/10.1212/WNL.0b013e31828f18d8
http://doi.org/10.1016/S1474-4422(07)70289-2
http://doi.org/10.1038/nm0598-619
http://www.ncbi.nlm.nih.gov/pubmed/9585239
http://doi.org/10.1007/s001099900018
http://doi.org/10.1186/2051-5960-1-66
http://www.ncbi.nlm.nih.gov/pubmed/24252460
http://doi.org/10.18632/oncotarget.8442
http://www.ncbi.nlm.nih.gov/pubmed/27036049
http://doi.org/10.1515/med-2021-0011
http://www.ncbi.nlm.nih.gov/pubmed/33364431
http://doi.org/10.1093/nar/gkt977
http://www.ncbi.nlm.nih.gov/pubmed/24194600
http://doi.org/10.1038/ng.3901

	Introduction 
	Mouse Gpr37 Mutant Strains 
	Mouse Gpr37l1 Mutant Strains 
	Disease Modeling Applications 
	References

