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GPR37 processing in neurodegeneration:
a potential marker for Parkinson’s Disease
progression rate
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The orphan G protein-coupled receptor 37 (GPR37), widely associated with Parkinson’s disease (PD),
undergoes proteolytic processing under physiological conditions. The N-terminus domain is
proteolyzed by a disintegrin and metalloproteinase 10 (ADAM-10), which generates various membrane
receptor forms and ectodomain shedding (ecto-GPR37) in the extracellular environment. We
investigated the processing and density of GPR37 in several neurodegenerative conditions, including
Lewy body disease (LBD), multiple system atrophy (MSA), corticobasal degeneration (CBD),
progressive supranuclear palsy (PSP), and Alzheimer’s disease (AD). The presence of ecto-GPR37
peptides in the cerebrospinal fluid (CSF) of PD, MSA, CBD and PSP patients was assessed through an
in-house nanoluciferase-based immunoassay. This study identified increased receptor processing in
early-stage LBD within the PFC and striatum, key brain areas in neurodegeneration. In MSA only the
52 kDaform of GPR37 appeared in the striatum. This form was also significantly elevated in the striatum
of AD necropsies. On the contrary, GPR37 processing remained unchanged in the brains of CBD and
PSP patients. Furthermore, while CSF ecto-GPR37 increased in PD patients, its levels remained
unchangedin MSA, CBD, and PSP subjects. Importantly, patients with PD with rapid progression of the
disease did not have elevated ecto-GPR37 in the CSF, while those with slow progression showed a
significant increase, suggesting a possible prognostic use of ecto-GPR37 in PD. This research
underscores the distinctive processing and density patterns of GPR37 in neurodegenerative diseases,
providing crucial insights into its potential role as an indicator of PD progression rates.

Neurodegenerative diseases (NDDs) consist of a spectrum of disorders clinical overlap with disorders characterised by atypical parkinsonism
characterised by the dysfunction and ongoing loss of neurons and neuronal ~ syndrome (APS), including multiple system atrophy (MSA), corticobasal
networks in the central nervous system (CNS)'. Among these, Alzheimer’s ~ degeneration (CBD), and progressive supranuclear palsy (PSP)’. However,
disease (AD) and Parkinson’s disease (PD) are the most common NDDs,  patients with APS exhibit a poor response to levodopa and have a different
each with markedly different clinical manifestations". PD shows significant ~ prognosis compared to PD". Therefore, the exploration of new biomarkers is
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essential to accurately stratify NDD, particularly in the early stages, when
diagnosis is the most challenging.

Neuropathologies of NDDs can be broadly classified into different
groups based on the aggregated proteins present. For example, alpha-
synucleinopathies are characterised by the presence of aggregated a-synu-
clein, mainly in neurons as observed in Lewy body diseases (LBD) such as
PD, or in oligodendrocytes, as shown in MSA®, Tauopathies, including AD,
CBD, and PSP, are characterised by tau aggregation in neurons and glia’.
Despite the various neuropathological characteristics, they share certain
mechanisms of neurodegeneration, often involving common aggregated
proteins. Interestingly, evidence has linked a-synuclein to the pathophy-
siology of AD®. Therefore, providing a better understanding of these intri-
cate mechanisms has the potential to pave the way for the development of
new therapeutic strategies aimed at improving the treatment and diagnosis
of NDDs.

G protein-coupled receptors (GPCRs) represent primary targets for
numerous centrally acting drugs currently approved’. Although changes in
the expression and function of specific GPCRs are documented in neuro-
degenerative conditions"’, it is important to note that orphan GPCRs remain
relatively poorly investigated in the context of NDDs. GPCR 37 (GPR37) is
an orphan GPCR expressed primarily in the CNS, specifically in the corpus
callosum, cortex, striatum, and substantia nigra'"". This receptor has gained
attention for its potential involvement in neurodegenerative processes,
particularly in PD. GPR37 is a substrate for parkin, an E3 ubiquitin ligase
found mutated in patients with autosomal recessive juvenile PD". The
absence or overexpression of parkin has been associated with a higher
propensity of GPR37 to misfold and aggregate, ultimately leading to cell
death'*"®. Furthermore, the N-terminal domain of GPR37 (ecto-GPR37)
undergoes rapid and constitutive cleavage by ADAM-10'*", leading to the
shedding of this ectodomain into the extracellular milieu. Recently, we
reported higher levels of GPR37 protein density and mRNA expression in
post-mortem substantia nigra samples from patients with sporadic PD**.

To date, it is not clear whether the described GPR37 alterations are
exclusive to PD or whether they extend to other conditions presenting
similar symptoms (i.e., APS) or are associated with the same aggregated
proteins (i.e., a-synuclein). Taking this into account, we conducted an
evaluation of GPR37 processing and expression in the prefrontal cortex
(PFC) and the striatum of individuals affected by different NDDs. The main
objective was to determine whether GPR37 alterations could potentially
serve as a reliable biomarker for PD.

Results

Expression of human GPR37 in PFC and striatum

The expression and possible role of GPR37 in neurodegeneration have not
yet been fully elucidated. Consequently, our first aim was to identify the
different subsets of cells expressing GPR37 in the human brain, specifically
within the PFC and striatum, key areas in the pathogenesis of NDDs such as
PD and AD. Taking advantage of existing single-cell mRNA sequencing
datasets, we examined GPR37 mRNA expression in different cellular sub-
populations of human PFC and striatum. Importantly, the datasets indi-
cated elevated expression of GPR37 mRNA in cells expressing mature
oligodendrocyte markers. In contrast, reduced expression was observed in
excitatory neurons within the PFC (Fig. 1A) and in medium spiny neurons
in the striatum (Fig. 1B). Limited expression was observed in astrocytes from
both areas of the brain (Fig. 1A, B). In fact, moderate to low expression of
GPR37 has been reported in neurons™*'*"”. Given that it is highly
expressed in myelinated brain tracts'”’, we sought to establish whether the
receptor is present in the cell soma or within the myelin sheath. To achieve
this, we fractionated human brain tissue and myelin purification was vali-
dated by immunoblotting using the myelin marker (MAG) and the nuclear
non-myelin marker (Olig-2) (Fig. 1C). In a crude tissue extract obtained
from a pool of LBD PFC plus striatum necropsies, the anti-pan-GPR37-C
antibody detected a GPR37 protein band pattern compatible with the
putative precursor (67 kDa) and glycosylated (93 kDa) full-length (FL)
receptor, as well as several cleaved forms of the N-terminus (52 kDa, 47 kDa,

43 kDa and 39-40 kDa) (Fig. 1C), as previously described in necropsies of
substantia nigra'®. Importantly, while a similar pattern of protein bands was
observed in the non-myelin fraction, GPR37 was undetectable in the
myelin-enriched fraction. In summary, these results suggest that although
GPR37 is predominantly located in myelinated brain tracts', at the sub-
cellular level, its presence is restricted to cell bodies. This localization is likely
to have originated from oligodendrocytes but can also be derived from
neurons or astrocytes.

Differential density of GPR37 in PFC and striatum necropsies of
subjects with LBD and APS

A significant increase in both GPR37 mRNA expression and protein density
was recently demonstrated in the substantia nigra of patients with sporadic
PD". Consequently, our objective was to assess whether this increase is
observed in a similar way in the PFC and striatum, two areas of the brain
commonly implicated in the pathogenesis of PD. To this end, we evaluated
the density of GPR37 in necropsies of neurological controls and patients
stratified within different Braak LBD stages. Interestingly, although the FL
receptor form was not altered in the different Braak LBD stages analysed, the
39-47 kDa cleaved forms of the receptor exhibited a significant increase in
both PFC (P = 0.035) and striatum (P = 0.009) in Braak stages 1/2 compared
to NC (Fig. 2). Consequently, when all forms of GPR37 (that is, total) were
considered, a significant increase in the density of GPR37 was observed in
PFC (P = 0.023) and striatum (P = 0.004) only in the LBD1/2 stages (Fig. 2).
Moreover, the 52kDa form (black squares, Fig. 2), prevalent in PD SN
necropsies18 and limited in NC, was detected in some PFC and striatal
samples of patients with LBD1/2 and LBD5/6, but not in the stages 3/4
(Supplementary Table 4). These results reinforce the notion that GPR37
processing is altered in the pathogenesis of LBD, especially in the early stages
of the disease. Finally, we evaluated the density of ADAM-10, the metal-
loprotease involved in the cleavage of GPR37, in the same PFC and striatal
necropsies. Two ADAM-10 species were identified by immunoblotting, the
~84 kDa immature (ProADAM-10) form and the ~65 kDa mature (active)
form, as previously reported”. We found elevated density of mature or
active ADAM-10, but not total, in the PFC of LBD 5/6 subjects compared to
NC. However, in the other Braak stages analysed ADAM-10, both in total
and active form, was not altered (Fig. 2).

APSs are less common neurological disorders with different under-
lying pathologies. Since these conditions show unique neuropathological
characteristics, evaluating the expression and processing of GPR37 in APS
could shed light on the role of GPR37 in neurodegenerative processes. To do
this, we evaluated the density of GPR37 in the PFC and the striatum of
necropsies of MSA, CBD, and PSP. In the PFC, while the expression of
GPR37 was unchanged in MSA, CBD and PSP compared to NC, in MSA a
significant increase in the density of the FL, 39-47 kDa forms and, conse-
quently, the total amount of GPR37 was observed compared to the PSP
group (Fig. 3A, B). On the contrary, in the striatum, when compared to NC,
an up-regulation of the FL form of GPR37 was observed in patients with
CBD (P=0.012) and PSP (P =0.04) (Fig. 3C, D). Interestingly, the 52 kDa
form was identified in several MSA necropsies both in the PFC and striatum
but was not detected in the CBD and PSP groups (Fig. 3; Supplementary
Table 4). Regarding ADAM-10 expression, a significant reduction in the
total density of the metalloprotease was found in the PFC of PSP subjects
respect to NC (P = 0.04; Fig. 3). In contrast, the total expression of ADAM-
10 was increased in the striatum of MSA (P =0.032), CBD (P = 0.049) and
PSP (P =0.043) necropsies (Fig. 3). However, regarding the active form of
ADAM-10, no differences were found in any of the APS conditions tested
(Fig. 3). These results suggest that among the different APS necropsies
evaluated, none of them showed altered processing of GPR37 neither in the
PEC nor striatum.

Altered density of GPR37 and ADAM-10 in PFC and striatum
necropsies of subjects with AD

Next, we evaluated possible alterations in the density of GPR37 and ADAM-
10 in AD, the most prevalent neurodegenerative disorder. Here, we only
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Fig. 1| Expression of human GPR37 in the adult brain. Distribution of normalized
GPR37 expression in the different populations in the prefrontal cortex (PFC) (A)
and striatum (B) snRNA-seq dataset, excluding all nuclei with zero GPR37
expression. Data sets were obtained from 9 (A) and 8 (B) control subjects from two
previous publications™’. The x-axis represents the normalized and log-transformed
mRNA expression of GPR37, while the y-axis represents the number of nuclei. The
inset graph shows the same representation but excludes oligodendrocytes. Abbre-
viations: Excitatory neurons (Ex Neurons), inhibitory neurons (Inh Neurons),

mature oligodendrocytes (Oligos), oligodendrocyte precursor cells (OPCs) and
medium spiny neurons (MSNs). C Immunoblots showing the expression of GPR37,
myelin associated glycoprotein (MAG), and Olig 2 in a sample of pooled human PFC
and striatum. Myelin and non-myelin extracts were isolated by sucrose gradients
and loaded into separate wells. The sample prior to the isolation process (crude) was
also analysed. GAPDH was used to determine the amount of protein loaded into
each well.

considered AD cases classified as Braak stages V and VI, as tau aggregation
in these stages extends to the PFC and striatum®'. Under the same experi-
mental conditions, the 39-47 kDa forms of GPR37, and concomitantly the
total density of the receptor, increased in the striatum (Fig. 4C, D), but not in
the PFC (Fig. 4A, B). As shown with LBD and MSA samples, the 52 kDa
form was observed both in the PFC and striatum of AD subjects (Fig. 4). In
this case, the statistical analysis revealed that the 52 kDa band is significantly
more detected only in the striatum of AD necropsies compared to NC
(P =0.004; Supplementary Table 4). These results suggest that the proces-
sing and density of GPR37 are differentially regulated in the PFC and
striatum of AD patients. Subsequently, we evaluated ADAM-10 density. No
changes were found in PFC (Fig. 4A, B), while the active form of ADAM-10
increased significantly (P = 0.023) in the striatum (Fig. 4C, D). Overall, AD
striatal samples showed a unique parallelism between the density of the
cleaved forms of GPR37 and the active form of ADAM-10, a phenomenon
that was not observed in the other neurodegenerative conditions tested.

Ecto-GPR37 density in the CSF of subjects with Parkinsonism
The processing of GPR37 results in the release of its N-terminal domain
into the extracellular environment’. This process becomes more

pronounced in PD, suggesting that monitoring ecto-GPR37 levels could
serve as a promising biomarker for the disease'®. We interrogated whether
ecto-GPR37 levels are also altered in NDDs other than PD. Therefore, we
analysed the presence of ecto-GPR37 peptides in the CSF of patients with
parkinsonism. To this end, we implemented our in-house nanoluciferase-
based immunoassay'® to quantify ecto-GPR37 in CSF samples from MSA,
CBD, and PSP patients. We previously reported an increase in the con-
centration of ecto-GPR37 peptides in CSF samples from PD patients in
two independent clinical cohorts, while it did not increase in CSF samples
from AD subjectslg. As shown in Fig. 5, ecto-GPR37 levels increased
significantly in PD (P = 0.023), resulting in an average of 369 + 58 pg/mL
(Fig. 5A). The analysis of the ROC curve confirmed that the ecto-GPR37
in-house ELISA could differentiate PD patients from NCs, as previously
reported”, with an area under the curve (AUC) of 0.7 (0.535-0.871)
(P=0.03) (Fig. 5B). In this case, the technique, with a cut-off value of
230 pg/mL, had a sensitivity of 78% and a specificity of 65% (Fig. 5B). On
the contrary, no changes in ecto-GPR37 levels were observed in APS
(MSA, CBD and PSP) CSF samples (Fig. 5A). The corresponding ROC
curve analysis showed that the ecto-GPR37 in-house ELISA could not
discriminate between the NCs and MSA (AUC =0.57, P = 0.45; Fig. 5C),
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Fig. 2 | GPR37 and ADAM-10 protein density in Lewy Body disease post-
mortem brain. Representative immunoblots showing the expression of GPR37 in
the prefrontal cortex (PFC) (A) and striatum (B) of neurological controls (NC) and
subjects with Lewy body disease (LBD) (Braak LBD stages 1/2, 3/4 and 5/6). Myelin
was removed from samples and non-myelin extracts were analysed by SDS-PAGE
and immunoblotted using antibodies against GPR37 and ADAM-10. Different
GPR37 forms were identified including the full-length (FL; black arrow), post-
translationally modified FL (white arrow) and GPR37 N-terminus cleaved forms
(squares). Relative quantification of GPR37 and ADAM-10 protein density in the
PFC (C) and striatum (D) of NC and LBD patients. For GPR37, the immunoblots
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corresponding to the FL (arrows) and 39-47 kDa (white square) forms were
quantified by densiometric scanning. The sum of all receptor forms (total), including
the 52 kDa form (black square), was also measured. For ADAM-10, the protein
bands corresponding to the proADAM-10 (immature) and active (mature) forms of
the protease were quantified by densiometric scanning. The levels of mature ADAM-
10 were normalized by the total (immature 4 mature) ADAM-10 band density.
Values were normalized to $-tubulin in each lane to correct for protein loading.
Results are expressed as the percentage (mean + SEM; n = 5-12 per group) of NC
subjects. ¥*P < 0.05 **P < 0.01, one-way ANOVA followed by Tukey’s multiple
comparison test.

CBD (AUC=0.59, P=0.29; Fig. 5D) or PSP (AUC=0.57, P=042;
Fig. 5E) subjects.

Subsequently, we investigated how the progression rate of PD affected
ecto-GPR37 levels. Importantly, CSF ecto-GPR37 levels in samples obtained
at the onset of the disease were significantly higher in patients with PD
progressing slowly compared to NC (P =0.002) or patients with PD pro-
gressing rapidly (P = 0.001). These results indicate a possible role for GPR37
processing in the progression rate of PD (Fig. 6A). ROC curve analysis
showed that the ecto-GPR37 in-house ELISA could discriminate between
patients with PD who progress slowly and NC (AUC =0.83, P =0.005,
Fig. 6B) or patients with PD who progress rapidly (AUC = 0.85, P = 0.003,
Fig. 6D). In contrast, the ecto-GPR37 in-house ELISA could not differ-
entiate between subjects with NC and PD progressing rapidly (AUC = 0.55,
P =0.627), as shown in Fig. 6C. These results indicate the potential utility of
ecto-GPR37 levels as a predictive biomarker of the progression rate in PD.

Discussion

The N-terminal domain of GPR37 undergoes metalloprotease cleavage,
leading to ectodomain shedding into the extracellular environment while
retaining several cleaved receptor forms at the cell surface’”". To better
understand the potential molecular alterations associated with GPR37 in
neurodegeneration, we evaluated the total density and relative prevalence of
the various processed forms of membrane receptors in a collection of brain
necropsies from NDD. Additionally, we evaluated ecto-GPR37 levels in CSF

using a novel in-house ELISA method. Our study reveals differential pro-
cessing and expression patterns of GPR37 within the different NDDs ana-
lyzed, likely occurring in oligodendrocytes, and possibly also in neurons or
astrocytes of the PFC and the striatum. Importantly, we uncover that ecto-
GPR37 increased significantly only in patients with a slow progression of
PD, suggesting a potential role as a predictive biomarker of the disease
progression rate.

In a healthy individual, the different forms of GPR37 identified by
immunoblotting in the PFC and striatum were consistent with those pre-
viously reported in the substantia nigra (i.e., FL and 39-47 kDa)"*, with no
age-dependent affectation (Supplementary Fig. 2). Similarly, in some LBD
necropsies, the receptor forms detected (i.e., FL, 52 kDa, and 39-47 kDa)
closely correlated with those observed in the substantia nigra of individuals
with PD". These findings suggest a comparable post-translational proces-
sing of GPR37 in these regions of the brain, both under normal and disease
conditions. Interestingly, the 52 kDa receptor form, nearly absent in NC,
was detected in the early stages of the disease (i.e., LBD1/2) in both the PFC
and striatum. Furthermore, the 39-47kDa form, more conspicuously
present in NC, also increased only in LBD1/2. These results, which reinforce
the idea that GPR37 density and processing are altered within the patho-
genesis of LBD, point toward a disease stage-dependent processing of
GPR37 in LBD. Early neurodegenerative events involve inflammatory
processes and impaired autophagy and dopaminergic neurotransmission™.
Importantly, GPR37 has been associated with all these processes'*** >,
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Fig. 3 | GPR37 and ADAM-10 protein density in atypical parkinsonism post-
mortem brain. Representative immunoblots showing the expression of GPR37 in
the prefrontal cortex (PFC) (A) and striatum (B) of neurological controls (NCs) and
patients with multiple system atrophy (MSA), corticobasal degeneration (CBD) and
progressive supranuclear palsy (PSP). Myelin was removed from samples and non-
myelin extracts were analysed by SDS-PAGE and immunoblotted using antibodies
against GPR37 and ADAM-10. Different GPR37 forms were identified including the
full-length (FL; black arrow), post-translationally modified FL (white arrow) and
GPR37 N-terminus cleaved forms (squares). Relative quantification of GPR37 and
ADAM-10 protein density in the PFC (C) and striatum (D). For GPR37, the
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immunoblots corresponding to the FL (arrows), and 39-47 kDa (white square)
forms were quantified by densiometric scanning. The sum of all receptor forms
(Total) including the 52 kDa form (black square) was also measured. For ADAM-10,
the protein bands corresponding to the proADAM-10 (immature) and active
(mature) forms of the protease were quantified by densiometric scanning. The levels
of mature ADAM-10 were normalized by the total (immature + mature) ADAM-10
band density. Values were normalized to B-tubulin in each lane to correct for protein
loading. Results are expressed as the percentage (mean + SEM; n = 5-12 per group)
of the NC. ¥P < 0.05 **P < 0.01 ***P < 0.001, one-way ANOV A followed by Tukey’s
multiple comparison test.

suggesting the involvement of the receptor in molecular events occurring
during early deposition of LB in the PFC and striatum.

Within APS, GPR37 processing was not significantly altered in any
condition tested. However, it is worthy to mention that the 52 kDa form was
detected in a substantial number of MSA samples. However, unlike LBD1/2,
no increase was observed in the conspicuous 39-47 kDa form. Interestingly,
MSA, unlike PD, is characterised by the aggregation of a-synuclein in oli-
godendrocytes rather than in neurons™. Therefore, our results suggest that
the high expression of GPR37 in oligodendrocytes may be related to a-
synuclein aggregation and the concomitant appearance of only the 52 kDa
receptor form. In the context of the tauopathies tested, although this 52 kDa
receptor form was not found in any subject affected by CBD and PSP, in AD,
it was detected in the PFC and increased significantly in the striatum
compared to NC. Interestingly, AD stands out as the only tauopathy linked
to a-synuclein. Numerous postmortem and clinical evidence support the
role for a-synuclein in the pathophysiology of AD®. However, the extent and
significance of a-synuclein involvement in AD remain a subject of inves-
tigation. Therefore, our results suggest that up-regulation of the 52 kDa
receptor form in AD may be related to a-synuclein aggregation rather than
tau accumulation. Alternatively, since AD, from the taupathologies ana-
lysed, is the only one characterised by extracellular accumulations of mis-
folded Ap-amyloid”’, we can rule out that upregulation of the 52 kDa
receptor form in AD is more related to Ap-amyloid plaques. Interestingly,

previous reports have shown that GPR37 mRNA expression levels are not
altered in the PFC of AD patients'’. We did not observe significant differ-
ences in the total density of the GPR37 protein in the PFCs of AD patients.
However, AD patients showed an increase in total GPR37 expression in the
striatum, likely sustained by a concomitant increase in density in the con-
spicuous 39-47 kDa form, as it occurs in subjects with PD. Transcriptional
studies comparing striatal changes between AD and PD revealed that
microglial activation was largely unique to each disorder and associated with
amyloid pathology™. This suggests an indirect association between GPR37
expression and neuroinflammation that needs to be fully elucidated. Finally,
it is intriguing that the total density of GPR37 was specifically increased in
the striatum from CBD and PSP patients. Whether GPR37 is related to the
cognitive and behavioural changes associated with these diseases is some-
thing that needs to be explored in more detail. Collectively, these results
suggest a different brain region and disease-associated processing of the
N-terminus of GPR37 in neurodegeneration. Therefore, the presence of the
52 kDa form of GPR37 in the striatum of LBD, MSA and AD constitutes a
distinctive fingerprint of GPR37 processing in these neurodegenerative
conditions. On the contrary, the increase in density of the 39-47 kDa
GPR37 form was found in the PFC and the striatum of LBD1/2, while in AD
the increase was observed only in the striatum, indicating a region-
dependent control of GPR37 expression and processing within these NDD.
In fact, ADAM-10 initial cleavage of FL GPR37 forms generates the 52 kDa
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Fig. 4 | GPR37 and ADAM-10 protein density in Alzheimer’s disease post-
mortem brain. Representative immunoblots showing the expression of GPR37 in
the prefrontal cortex (PFC) (A) and striatum (B) of neurological controls (NCs) and
Alzheimer’s disease (AD) patients (Braak AD stage V/VI). Myelin was removed
from samples and non myelin extracts were analysed by SDS-PAGE and immu-
noblotted using antibodies against GPR37 and ADAM-10. Different GPR37 forms
were identified including the full-length (FL; black arrow), post-translationally
modified FL (white arrow) and GPR37 N-terminus cleaved forms (squares). Relative
quantification of GPR37 and ADAM-10 protein density in the PFC (C) and striatum

(D). For GPR37, the immunoblots corresponding to the FL (arrows), and 39-47 kDa
(white square) forms were quantified by densiometric scanning. The sum of all

receptor forms (total), including the 52 kDa form (black square), was also measured.
For ADAM-10, the protein bands corresponding to the proADAM-10 (immature)
and active (mature) forms of the protease were quantified by densiometric scanning.
The levels of mature ADAM-10 were normalized by the total (immature + mature)
ADAM-10 band density. Values were normalized to -tubulin in each lane to correct
for protein loading. Results are expressed as the percentage (mean + SEM; PFC: n =5
per group; Striatum: n = 8-10 per group) of the NC. *P < 0.05 vs NC, Student’s t test.

16,17

form'*", and further processing of the 52 kDa form by metalloproteinases
may end with fuelling of the 39-47 kDa GPR37 form; however, this should
be further demonstrated.

ADAM-10, known for its role in cleaving amyloid- precursor protein,
has demonstrated the capacity to decrease the formation of AB-amyloid
plaques™. Furthermore, ADAM-10 is associated with beneficial effects on
tau pathology, preservation of normal synaptic functions, and maintenance
of neuronal network homeostasis™. Significantly, we reveal a distinctive
alteration in ADAM-10 density, specifically an increase in its active form,
exclusively within the striatum of AD subjects. This observation was
strongly correlated with an increase in the density of 39-47 kDa forms of
GPR37. It could be speculated that the increase in the density of the active
form of ADAM-10 in the striatum is related to a compensatory mechanism
to slow the progression of the disease. This contention might be supported
by the observation that ADAM-10 levels in plasma from AD subjects are
increased”. However, the existence of contradictory results on ADAM-10
levels in the CSF of AD patients™ underscores the need for a further detailed
interpretation of the increased activity of ADAM-10 within the brain of AD,
for example, compared to PD.

Higher levels of ecto-GPR37 have recently been shown in the CSF of
patients with PD'. Again, here we report increased levels of ecto-GPR37
in an independent cohort of PD patients. Interestingly, ecto-GPR37

peptides increased only in patients with slow progressing PD, suggesting
that ecto-GPR37 levels could predict the progression rate of PD as rapid or
slow. Furthermore, increased levels of ecto-GPR37 only in patients with
PD that progress slowly may suggest that these peptides have neuropro-
tective properties, potentially reducing the progression of the disease.
Finally, we speculate that these ecto-GPR37 peptides, rather than being
inert, may function as modulators of certain cell responses, such as
inflammation, adhesion, migration, and proliferation, as documented for
other cell surface proteins’’. Confirmation of ecto-GPR37 peptides as
autocrine or paracrine modulators could open new avenues for con-
sidering these peptides as therapeutic targets in diverse pathologies,
including NDD.

This study faces several limitations, mainly due to the relatively small
number of NDD samples. To mitigate heterogeneity within the necropsies
used in immunoblot experiments, we excluded samples with comorbidities.
Furthermore, although the cohorts used to detect ecto-GPR37 in CSF were
moderately large, some variability was observed in the in-house ELISA
assay. Despite these challenges, our study, which relied on well-preserved
necropsies without comorbidities and CSF samples from patients rigorously
diagnosed, has yielded valuable insights. Therefore, it will be essential to
corroborate these findings through independent sample collections for
robust validation.
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Fig. 5 | Determination of ecto-GPR37 in CSF of patients with parkinsonism.

A Screening of ecto-GPR37 levels in cerebrospinal fluid (CSF) from neurological
controls (NCs) and patients with Parkinson’s disease (PD), multiple system atrophy
(MSA), corticobasal degeneration (CBD) and progressive supranuclear palsy (PSP).
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*P < 0.05vs NC, Student’s t-test. ROC curve analysis of CSF ecto-GPR37 comparing
NC with PD (B), MSA (C), CBD (D) and PSP (E) subjects. The Area Under the
Curve (AUC) and the p-value is indicated for each ROC curve.
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Fig. 6 | Determination of ecto-GPR37 in CSF of patients with Parkinson’s dis-
ease. A Concentration of ecto-GPR37 peptides in cerebrospinal fluid (CSF) from
neurological controls (NCs) and patients with Parkinson’s disease (PD) patients

with slow or rapid disease progression. **P < 0.01, one-way ANOVA followed by
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(D). The Area Under the Curve (AUC) and the p-value is indicated for each

ROC curve.

Methods
Antibodies
The following antibodies were used to detect proteins of interest: rabbit anti-
human-GPR37-N polyclonal antibody'®”, rabbit anti-pan-GPR37-C
polyclonal antibody'*"®, mouse anti-MAG monoclonal antibody (sc-
166849, 1:1000, Santa Cruz Biotechnology Inc., Dallas, TX), rabbit anti-

Olig2 polyclonal antibody (ab109186, 1:2000, Abcam Inc., Cambridge, UK),
rabbit anti-ADAM-10 monoclonal antibody (ab124695, 1:2000, Abcam,
Cambridge, UK), mouse anti-GAPDH monoclonal antibody (97166,
1:1000, Cell Signaling Technology, Massachusetts, US) and rabbit anti-
B-tubulin polyclonal antibody conjugated to horseradish peroxidase (HRP)
(ab21058, 1:2000, Abcam, Cambridge, UK). For immunoblot analysis, the
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following secondary antibodies were used: HRP-conjugated goat anti-rabbit
IgG (11829140; 1:30.000; Fisher Scientific, Massachusetts, US), HRP-
conjugated goat anti-mouse IgG (10158113; 1:10.000; Fisher Scientific,
Massachusetts, US), 680RD dye-conjugated goat anti-mouse IgG (926-
68070; 1:10.000; LI-COR, Nebraska, US) and 800CW dye-conjugated goat
anti-rabbit IgG (926-32211; 1:10.000; LI-COR, Nebraska, US).

Transcriptomic data access and processing

Two single nuclei RNA sequencing (snRNA-seq) datasets with accession
numbers GSE157827 and GSE152058 from were retrieved from the Gene
Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/). These
datasets originated from previous studies on neurodegenerative disorders
on the PFC and the striatum and included both pathological and control
subjects™. For our purposes, we kept only the nuclei belonging to control
individuals. On both datasets, scrublet™ was used to detect putative doublets
and we employed Scanpy™ to apply quality control filters based on the
distribution of counts and genes found on each dataset (Supplementary
Table 1). Then, the data was normalized to 10000 counts per cell and log-
transformed. The striatum dataset contained cell type annotations, whereas
in the PFC data we performed dimensionality reduction and clustering, and
then assigned cell-type labels based on sets of known marker genes (Sup-
plementary Table 2). On the human PFC dataset from Lau et al.”’, we found
83932 nuclei from control subjects. Using scrublet™, 4910 putative doublets
were detected and removed. The rest of the nuclei were filtered according to
their total counts and genes and their fraction of mitochondrial content.
Data from 78863 nuclei were retained, which we then normalised and log-
transformed. Principal component analysis (PCA) was applied, retaining
the first 18 principal components (PCs). Data were clustered in the PCA
space using the Louvain algorithm™ with a resolution of 0.2. Clusters were
labelled according to the expression of bona-fide markers for the main cell
types in the PFC. The dataset of the human striatum from Lee et al.”’
contained 69551 nuclei from control subjects, already filtered by counts and
genes. When scrublet was applied, 38 putative doublets were removed, and
14 nuclei with more than 15% mitochondrial content were also left out. The
cells were labelled by the original authors, thus the expression of GPR37 was
directly observed on the different cell types. The number of subjects used in
the analysis, as well as their age and gender, are described in Supplementary
Table 3.

Human post-mortem brain samples

Human post-mortem brain tissues were obtained from the HUB-ICO-
IDIBELL Biobank, the Hospital Clinic-IDIBAPS Biobank, the Biobank Unit
of Navarrabiomed research center and Queens Square Brain bank London
following the guidelines of Spanish, UK, and Swedish legislation on this
matter (Real Decreto de Biobancos 1716/2011; Regional Ethics Review
Board of Stockholm (2014/1366-31))***” and upon approval of the local
ethics committees. A hemisphere was immediately cut into 1cm thick
coronal sections, and selected areas of the encephalon were rapidly dis-
sected, frozen on metal plates over dry ice, placed in individual air-tight
plastic bags, and stored at —80 °C until use for biochemical studies. The
other hemisphere was fixed by immersion in 4% buffered formalin for
3 weeks for morphological studies. The neuropathological diagnosis of all
cases was made based on the evaluation of 20 selected de-waxed paraffin
sections containing regions of the cerebral cortex, diencephalon, thalamus,
brain stem and cerebellum, which were stained with haematoxylin, eosin,
and Kliiver-Barrera. Pathological cases were classified as MSA, CBD, PSP,
AD and LBD at stages 1-6 according to the nomenclature of Braak et al.'**".
For AD, only cases classified as stages V and VI were considered. The
middle-aged control cases had not suffered from neurological, psychiatric,
or metabolic diseases (including metabolic syndrome), and did not have
abnormalities in the neuropathological examination except vascular disease
and hypoxia. Cases with associated pathologies such as infections of the
nervous system, brain neoplasm, systemic and central immune diseases, and
metabolic syndrome were excluded from the present study. The selected
brain areas were PFC Brodmann area 8 and striatum (caudate and

putamen), and different series of samples (i.e. NCs, Braak LBD stage 1/2,
Braak LBD stage 3/4, Braak LBD stage 5/6, Braak AD stage V/VI, MSA,
CBD and PSP) were prepared according to their experimental use: (i) PFC
immunoblotting: 10 NCs (9 males and 1 female; mean age: 60 + 10 years), 8
Braak LBD stage 1/2 (7 males and 1 female; mean age: 75 + 6 years), 9 Braak
LBD stage 3/4 (6 males and 3 females; mean age: 72 + 7 years), 5 Braak LBD
stage 5/6 (4 males and 1 female; mean age: 76 + 1 year), 5 MSA (2 males and
3 females; mean age: 63 + 7 years), 6 CBD (5 males and 1 female; mean age:
73 + 7 years) 5 PSP (3 males and 2 females; mean age: 75 + 6 years), and 8
Braak AD stage V/VI (4 males and 4 females; mean age: 79 + 5 years) cases;
ii) NC, LBD, MSA, CBD and PSP striatum immunoblotting: 12 NCs (9
males and 3 females; mean age: 64 + 17 years), 5 Braak LBD stage 1/2 (4
males and 1 female; mean age: 78 + 5 years), 9 Braak LBD stage 3/4 (7 males
and 2 females; mean age: 73 + 9 years), 6 Braak LBD stage 5/6 (4 males and 2
females; mean age: 81 + 3 years), 6 MSA (4 males and 2 females; mean age:
60 + 7 years) and same CBD and PSP cases that for PFC; iii) AD striatum
immunoblotting: 8 NCs (6 males and 2 females; mean age: 70 + 21 years),
and 10 Braak AD stage V/VI (5 males and 5 females; mean age:
79 + 11 years) cases.

Participants providing CSF

PD, MSA, CBD and PSP patients were recruited at the movement disorders
clinic at the Karolinska University Hospital Clinic, Sweden. CBD and PSP
patients were also recruited from the Memory and Aging Center, University
of California, USA. Patients underwent a clinical examination (including
ratings of motor, cognitive and psychiatric symptoms) by an experienced
neurologist (Supplementary Table 3). All included patients were long-
itudinally followed and the diagnosis of PD, including subsequent response
to dopaminergic therapy, was confirmed before they were included in the
CSF analysis. Therefore, the patients with PD satisfied the clinical diagnosis
of PD according to the UK Parkinson’s Society Brain Bank diagnostic cri-
teria. Motor symptoms were evaluated with the Unified Parkinson’s Disease
Scale (UPDRS) part 3 in the ON state of the medication cycle. Non-motor
and motor symptoms in daily activities were evaluated with UPDRS part 1
and part 2, respectively. UPDRS part 4 was used to measure motor
complications*’. Almost all patients had available scores for the Hoehn &
Yahr scale assessing motor impairment®, and 66% of the patients had
available Montreal Cognitive Assessment scores (MoCA) assessing cogni-
tive impairment“. In addition, within the routine visit self-evaluation
questionnaires were implemented, including Non-Motor Symptoms
Questionnaire®, and Hospital Anxiety and Depression scale™. Finally, the
medications were presented as L-dopa equivalent doses (LED)*. MSA, PSP
and CBD patients were diagnosed based in current criteria*>’. Control
subjects of the same age and sex were recruited from routine neurology
examinations. Control patients were also recruited at the Karolinska Uni-
versity Clinic, Huddinge, Sweden and were diagnosed with benign neuro-
logical diagnoses, such as tension headache without evidence of dementia,
no cognitive complaints, no PD, or other brain disease, and thus were
defined as NCs.

CSF sample measurements
To determine ecto-GPR37 levels in humans, we used CSF samples from 18
PD, 17 MSA, 23 CBD, 20 PSP and 20 age- and sex-matched control patients
(Supplementary Table 3). CSF samples were obtained by lumbar puncture
from participants of the Karolinska University Clinic, collected in poly-
propylene tubes and immediately centrifuged at 1800 g at 4 °C for 10 min
before being stored in aliquots of 100 pl at —80 °C as previously described'®.
For the analysis of CSF ecto-GPR37 in PD patients with slow (PD slow)
and rapid (PD rapid) disease progression, 12 PD slow, 13 PD rapid and 14
age- and sex-matched control participants (Supplementary Table 5) were
enrolled at the Karolinska University Hospital Clinic, Sweden. The control
participants were those diagnosed with non-primarily neurodegenerative
neurological and psychiatric diseases. All the participants had given written
consent for the use of their clinical data and CSF for research purposes, and
the study was approved by the regional ethics committee for medical
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research in Stockholm (2011/500-31/1 and 2012/2224-32/4). All proce-
dures followed were in accordance with the ethical standards indicated by
the Declaration of Helsinki of 1975, as revised in 2000.

Brain membrane extract preparation

Postmortem human brain samples ( ~ 100 mg of PFC or striatum) were
homogenised in 5 ml of ice cold 0.32 M sucrose solution supplemented with
a protease inhibitor cocktail (Roche Molecular Systems, Pleasanton, CA,
USA) using a Teflon homogeniser for 3x10s on ice. The homogenate
(Crude) was overlayed on 6 ml of 0.85 M sucrose solution in a Beckman
centrifuge tube (Ultra-clear, 14 x 89 mm, Beckman Coulter Inc., California,
US). The samples were then ultracentrifuged at 75,000 g for 30 min at 4 °C.
The myelin fraction appeared in the interphase between both sucrose
solutions, and the pellet contained the non-myelin fraction of the sample.
Myelin fraction was transferred to a new tube, washed with 1 ml of sterile
miliQ H,O and resuspended in ice cold Tris buffer containing 50 mM Tris-
Base (pH = 7.2) and a protease inhibitor cocktail (Roche Molecular Systems,
Pleasanton, CA). The non-myelin fraction was resuspended with ice cold
Tris buffer and homogenised by sonication on ice for 3 x 10 s. The samples
were then centrifuged at 1000 g for 10 min at 4 °C and the supernatant was
recovered and centrifuged at 12,000 g for 30 min at 4 °C. The pellet con-
taining the membrane extracts of the non-myelin fraction was resuspended
with Tris 50 mM buffer. Protein concentration of both fractions (myelin and
non-myelin) was determined using the BCA protein assay kit (Thermo-
Fisher Scientific) and 50 pg of protein were used for immunoblotting.

Gel electrophoresis and immunoblotting

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS/PAGE)
was performed using 10% polyacrylamide gels. Membrane extracts were
loaded into gel wells, transferred to polyvinylidene difluoride membranes
using a semidry transfer system (Bio-Rad, Hercules, CA, USA) and
immunoblotted using the corresponding antibodies. Primary antibodies
were detected using secondary antibodies conjugated with HRP or fluor-
escent dyes (see section Antibodies). HRP immunoreactive bands were
developed using a chemiluminescent detection kit (Thermo Fisher Scien-
tific, Waltham, MA, USA). The chemiluminescence and fluorescence signal
was detected with an Amersham Imager 600 (GE Healthcare Europe
GmbH, Barcelona, Spain) or a ChemiDoc Imaging System (12003154, Bio-
Rad, California, US). The specificity of the rabbit anti-pan-GPR37-C
polyclonal antibody and the rabbit anti-human-GPR37-N polyclonal
antibody were validated using extracts from cells expressing human GPR37
(Supplementary Fig. 1).

Ecto-GPR37 detection in CSF

CSF ecto-GPR37 was measured with our home-made competitive ELISA
method, as previously described”. Briefly, 96 wells / plate coated with
streptavidin (ThermoFisher Scientific) were blocked with serum-free
DMEM medium (100 pL/well) for 1h at 22°C. After three washes with
ELISA buffer (25 mM Tris-base, 150 mM NaCl, 0.1% BSA, 0.05% Tween-
20, pH =7.2), wells were coated with 100 pL/well of anti-rabbit IgG biotin
antibody (Sigma-Aldrich; 10 ug/mL in ELISA buffer) for 2h at 22°C.
Subsequently, the wells were washed three times with ELISA buffer and
100 uL/well of anti-human GPR37-N antibody (1 pg/mL in ELISA buffer)
were incubated for 2 h at 22 °C. At this point, 5 uL/well of CSF samples
diluted with 45 pL/well of ELISA buffer were incubated overnightat4 °Cina
humid chamber. The following day, plates were washed three times with
ELISA buffer and incubated with 50 pL of purified human ecto-GPR37™"
(100.000 relative light units [RLU]/pL in ELISA buffer) for 1 hat22 °Cin the
dark. Finally, plates were washed three times with ELISA buffer and 90 uL of
ELISA buffer was added to each well. Then 10 pL/well of 20 uM coe-
lenterazine 400a solution (NanoLight Technologies, Pinetop, AZ; in ELISA
buffer) was added. After 5 min of incubation, luminescence was measured
using a CLARIOstar Optima plate reader (BMG Labtech GmbH, Orten-
berg, Germany) and the output luminescence was reported as the integral
RLU. Furthermore, a standard curve was generated using known

concentrations of human ecto-GPR37™**". Both the ecto-GPR37™" and
ecto-GPR37™* products were purified from human embryonic kidney
(HEK)-293 T cells, as previously detailed".

Statistics

Data are represented as mean + standard error of mean (SEM). The
number of samples (#) in each experimental condition is indicated in the
corresponding figure legend. Outliers were evaluated using the ROUT
method’ assuming a Q value of 1% on GraphPad Prism 9 (San Diego, CA,
USA). No outliers were found. Data normality was assessed using the
Shapiro-Wilk normality test. Comparisons among experimental groups
were performed by Student’s t-test, one-way ANOVA with Dunnett’s or
Tukey’s post-hoc test and ROC curve analysis using GraphPad Prism
10.1.0 (San Diego, CA, USA), as indicated. Statistical difference was
accepted when P < 0.05.

Data availability

Data will be given upon request.
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