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A B S T R A C T

GPNMB is a glycoprotein observed upon tissue damage and inflammation and is associated with astrocytes,
microglia, and macrophages. Gene variations in GPNMB are linked with Parkinson's disease (PD) risk, and
changes in protein levels of GPNMB have been found in lysosomal storage disorders, including Gaucher's disease
with glucocerebrosidase (GCase) deficiency. In the current study, GPNMB increases were seen in the substantia
nigra (SN) of PD patients compared to age-matched controls. Such PD patients have a decrease in GCase activity
and corresponding elevation of glycosphingolipids in the SN (Rocha et al., 2015a). Interestingly, transgenic mice
modelling synucleinopathy did not show GPNMB elevations or altered GCase activity levels compared to wild-
type mice. However, upon CBE-induced GCase lysosomal dysfunction with elevated glycosphingolipids in wild-
type mice, there were similar changes in GPNMB levels in the brain as seen in PD patient brains. These results
indicate that GPNMB levels do not depend on alpha-synuclein load per se but relate directly to the lipidopathy
changes induced by CBE-mediated GCase inhibition. The experimental modelling of elevating glycolipids re-
sulted in GPNMB elevations with glial activation in several brain regions in mice. This is the first demonstration
of region-specific elevations of GPNMB protein in Parkinson's disease. The presence of GPNMB in PD patient
substantia nigra, the induction of GPNMB after experimental glycosphingolipid increases, but not with pure
alpha-synucleinopathy, point towards the potential for primary lipid-induced degeneration in PD.

1. Introduction

Recently a large genome-wide association study of Parkinson's dis-
ease (PD) patients identified several novel genetic variants linked to the
function of the autophagic-lysosomal pathway, with polymorphisms in
the GPNMB gene found to associate with idiopathic PD (Kumaran and
Cookson, 2015). Studies have identified transcriptional changes in
GPNMB in rodent models of both PD and Alzheimer's disease (Kanaan
et al., 2015; Srinivasan et al., 2016), and a recent report based on data
mining techniques identified elevations of GPNMB mRNA in the sub-
stantia nigra of PD patients (Neal et al., 2018). Furthermore, GPNMB
protein levels are elevated and correlate with disease severity and
progression in lysosomal storage disorders (Zigdon et al., 2015; Kramer
et al., 2016; Murugesan et al., 2018).

The relationship between lysosomal storage disorders (LSDs) and
Parkinson's disease (PD) is becoming apparent through evidence of
glycosphingolipid dysregulation and lysosomal dysfunction in the pa-
thophysiology of PD. In fact, many of the genetic factors responsible for
familial PD play a role in the autophagy-lysosomal pathway (Gan-Or

et al., 2015). Haplo-insufficiency due to mutations in the lysosomal
hydrolase glucocerebrosidase (GCase) is one of the largest genetic risk
factors for the development of PD (Sidransky et al., 2009; Sidransky and
Lopez, 2012). Studies have demonstrated that GCase activity is de-
creased in the substantia nigra (SN) of sporadic PD patients (Gegg et al.,
2012; Rocha et al., 2015a) as well as in normal aging (Rocha et al.,
2015a), and has been associated with driving alpha-synuclein pa-
thology (Mazzulli et al., 2011; Murphy et al., 2014). Aging is the largest
risk factor for PD and cellular changes observed in normal aging may be
mirrored in neurodegenerative disorders, albeit at an accelerated rate
(Collier et al., 2011, 2017). Lysosomal dysfunction plays an important
role in driving the aging phenotype, and is implicated in many age-
related disorders (Carmona-Gutierrez et al., 2016). The majority of
LSDs typically manifest in early infancy or childhood (Nixon et al.,
2008), which may reflect how severe and complete lysosomal dys-
function leads to early onset of disease in children, whereas progressive
lysosomal dysfunction with minor lipid changes, as observed in PD,
manifests as pathogenic only when compounded with aging.

The neuroinflammatory system also plays an important role in
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neurodegenerative diseases (Deleidi and Isacson, 2012; Dzamko et al.,
2015). GPNMB has been widely studied in terms of its pathogenic role
in driving tumor progression via its ability to dampen the inflammatory
response around cancerous growth (Maric et al., 2013) and is upregu-
lated in the CNS in response to inflammatory stimuli (Ripoll et al.,
2007; Huang et al., 2012). In terms of neurodegeneration, GPNMB has
been associated with modulating the neuroinflammatory response as-
sociated with neurodegenerative diseases, with potential neuroprotec-
tive consequences (Tanaka et al., 2012; Kanaan et al., 2015; Nagahara
et al., 2015; Srinivasan et al., 2016; Neal et al., 2018).

Understanding the dynamics of how glycolipid changes can drive
the neuroinflammatory and neurodegenerative phenotype will be cru-
cial in driving the development of novel therapeutics for neurodegen-
erative diseases. In the current study, we tested whether PD-associated
changes in GPNMB are observed at the protein level in (1) the sub-
stantia nigra of post-mortem PD patient brains, that also display an age-
dependent decrease in GCase activity and corresponding elevation in
glycosphingolipids, or (2) during conditions of severe experimental
alpha-synucleinopathy. We also investigated how (3) pharmacological
inhibition of glucocerebrosidase and subsequent lysosomal dysfunction
in mice recapitulates brain-region specific increases in GPNMB in re-
gions that also display robust glial activation, and whether changes in
GPNMB are associated with alpha-synuclein load. We find that changes
in GPNMB directly reflect pathological changes in lysosomal pathway
regulation and glycolipid homeostasis in the context of Parkinson's
disease, and are not influenced (and may be occurring prior to) by
alpha-synucleinopathy.

2. Materials and methods

2.1. Patients

Frozen post-mortem brain tissue from neurologically unaffected
patients (healthy control subjects, n=30) and pathologically-defined
Parkinson's disease patients (n=25, non-GBA mutant carriers) were
obtained from the Harvard Brain Tissue Resource Center (HBTRC,
McLean Hospital, Belmont, MA), a repository of the NeuroBioBank. The
cohort of PD patient samples were previously sequenced to determine
the absence of mutations in GBA1 (Rocha et al., 2015a). Tissue samples
from the substantia nigra, caudate and putamen, and cerebellum were
dissected (see Table 1 for patient information), and mechanically
homogenized for 10 s in 400 μL 10mM Tris buffer (KD-Medical, RGE-
3340, pH 7.4) supplemented with protease inhibitors and 0.5mM EDTA
(Thermo Fischer, 78,430). Samples were subsequently centrifuged for
15min at 4500×g (at 4 °C) and the supernatant was transferred to a
new tube and stored at -80 °C until required. Total protein concentra-
tion in each supernatant sample was determined using the BCA protein
quantification kit (Pierce, BCA protein assay kit, 23,225).

Paraffin-embedded tissue sections (6 μm thick) containing sub-
stantia nigra from PD patients and age-matched healthy subjects were
obtained from the HBTRC/NeuroBioBank and processed for im-
munohistochemical analysis as outlined below.

2.2. Animals

Wild-type (WT) male mice (BDF1 strain, Charles River
Laboratories), and mice modelling alpha-synucleinopathy (Thy1-aSYN;
human WT alpha-synuclein under the promotion of the murine Thy1
promoter (Rockenstein et al., 2002; Chesselet et al., 2012)) were used in
this experiment. Animals were housed (max 5 mice per cage) in stan-
dard conditions in a 12-h dark/12-h light cycle, with ad libitum access
to food and water. Transgenic mice were maintained hemizygous by
mating Thy1-aSYN females with BDF1 WT males, and transgene pre-
sence was determined via PCR analysis of genomic tail DNA using the
following primers (ASO sense: 5′-GAC GGG TGT GAC AGC AGT AGC C-
3′; ASO anti: 5′-GAT GAT GGC ATG CAG CAC TGG-3′, internal control

Table 1
Post-mortem brains from healthy subject controls and Parkinson's disease pa-
tients used for GPNMB measurements. Patient's age at death, sex, and post-
mortem interval (PMI) are listed. Samples of substantia nigra (SN), caudate and
putamen (CP), and cerebellum (CB) were dissected from fresh frozen brains,
with grey boxes indicating which brain regions were obtained per patient.
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THD 15: 5′-CAA ATG TTG CTT GTC TGG TG-3′; internal control THD
16: 5′-GTC AGT CGA GTG CAC AGT TT-3′). All animal procedures were
performed in accordance with National Institutes of Health guidelines
and were approved by the Institutional Animal Care and Use Committee
(IACUC) at McLean Hospital, Harvard Medical School. Sample sizes for
each experimental group are indicated below, and animals were ran-
domly assigned to treatment and material harvest groups on day 1 of
the experiment.

2.3. Pharmacological inhibition of lysosomal glucocerebrosidase

Mice aged 2–3months, received a daily intraperitoneal (i.p.) injec-
tion of 100mg/kg conduritol-beta-epoxide (CBE; Millipore EMD, Cat
nr. 234,599) or vehicle (0.1% DMSO) for 28 days (between 9:30 AM –
11 AM every day). Animals were weighed daily to determine appro-
priate injection volume, and to monitor animals for treatment-induced
weight loss. Early removal of mice based on loss of> 30% of heaviest
weight was set as euthanasia criteria, but no mice reached this cut-off
point during the experiment. Mice were euthanized with sodium pen-
tobarbital and subsequently transcardially perfused with 0.9% hepar-
inized saline (for fresh dissection) or followed by 4% PFA (for fixed
brain harvest) 24 h after the final administration of DMSO or CBE.

Following perfusion with 0.9% heparinized saline, mouse brains
(n=5–6 animals/treatment) were chopped into 750 μm thick coronal
sections using a McIlwain tissue chopper. The substantia nigra, hippo-
campus, striatum, a segment of the motor cortex and a portion of cer-
ebellum were harvested, and flash frozen until required. Tissue was
mechanically homogenized for 10 s in 100 μL 10mM Tris buffer (KD-
Medical, RGE-3340, pH 7.4) prepared in EmbryoMax Ultrapure water,
supplemented with protease inhibitors and 0.5 mM EDTA (Thermo
Fischer, 78,430). Samples were subsequently centrifuged for 15min at
4500×g (at 4 °C) and the supernatant was transferred to a new tube.
Total protein concentration in each supernatant sample was determined
using the BCA protein quantification kit (Pierce, BCA protein assay kit,
23225). Supernatants were stored at −80 °C until required.

Following perfusion with 4% PFA, mouse brains (n=5–6 animals/
treatment) were isolated and post-fixed overnight. Following equili-
bration in 30% sucrose, free-floating serial coronal sections (40 μm
thick), stored in anti-freeze (30% glycerol [Sigma, G9012], 30%
ethoxyethanol [Fischer, AC156020025] in PBS) at −30 °C until re-
quired. Sections were processed for fluorescent immunostaining as
outlined below.

2.4. Glucocerebrosidase activity and glycosphingolipid measurements

Glucocerebrosidase (GCase) activity was measured in mouse brain
region homogenates diluted in GCase-activity sample diluent, as pre-
viously described (Rocha et al., 2015a, 2015b). Measurements of gly-
cosphingolipids in mouse brain tissue were performed using a liquid
chromatography/tandem mass spectrophotometry approach as de-
scribed in (Rocha et al., 2015b; Hallett et al., 2018).

2.5. ELISA-based GPNMB measurement

For each sample, 25 μg (human brain homogenates) or 20 μg (mouse
brain homogenates) total protein was loaded onto a sandwich-based
enzyme-linked immunosorbent assay (ELISA) plate, coated with anti-
GPNMB antibodies, and the ELISA was performed according to the
manufacturer's protocol (RayBiotech, Human Osteoactivin ELISA kit,
ELH-Osteoactivin-1; or Mouse Osteoactivin ELISA kit, ELM-
Osteoactivin-1). Absorbance values were read at 450 nm SPECTRAmax
plate reader (Molecular Devices), and GPNMB protein levels (pg/mL)
from triplicate measurements were interpolated from a Human or
Mouse Osteoactivin standard curve (as prepared according to kit
manufacturer's protocol).

2.6. Immunohistochemical staining

2.6.1. GPNMB DAB staining on human SN sections
Paraffin-embedded human SN sections from healthy subjects and

Parkinson's disease patients were de-paraffinized with xylene and re-
hydrated through a series of decreasing ethanol concentration solu-
tions. Neuromelanin pigment was bleached by incubating slides in pre-
warmed (55 °C) 3% H2O2 in phosphate buffer (0.05M, pH 7.4) for 2 h
(Momose et al., 2011) so that this pigment would not interfere with the
dark DAB-pigment generated by the immunostaining. Slides containing
sections were subsequently washed in deionized H2O, followed by PBS,
and then blocked with a 1-h incubation at room temperature (RT) in
10% donkey serum (Jackson Immunoresearch, cat. nr. 017-000-121) in
PBST (0.3% Triton X, Tx). The primary antibody (goat anti-human
GPNMB polyclonal; 1:200, R&D systems, AF2550) was diluted in 10%
donkey serum in PBS and applied to sections for an initial overnight
incubation at RT, followed by 24 h at 4 °C. Slides were washed with
PBS, and then incubated with a solution of biotinylated donkey anti-
goat Ig (Biotin-SP AffiniPure IgG (H+L); 1:400, Jackson Im-
munoresearch, cat. nr. 705-065-003) in 10% donkey serum in PBS for
1 h at RT. Vectastain Elite ABC-peroxidase solution (Vector Labora-
tories, PK-6100) was then applied to the sections for 1 h at RT. The DAB
Peroxidase Substrate kit with nickel chloride (Vector Laboratories, SK-
4100) was used to produce a black precipitate identifying GPNMB-po-
sitive immunoreactivity. Slides were subsequently counterstained with
0.5% cresyl violet, differentiated with acetic acid, and then dehydrated
with increasing concentrations of ethanol, cleared with xylene, and
coverslipped with DPX (Electron Microscopy Sciences, #13512).

2.6.2. Fluorescent immunostaining for GPNMB and cell-specific markers on
mouse brain sections

Briefly, free-floating sections were washed in PBS to remove anti-
freeze, and then incubated in citrate-based antigen-retrieval solution
(DAKO 1X, pH 6.1, S1699) for 20min at 37 °C. Following a couple of
washes in PBS, sections were incubated with 10% donkey serum in
PBST (0.3% Tx) for 1 h at RT, before applying combinations of the
following primary antibodies (diluted in 10% donkey serum in PBS) for
overnight incubation at 4 °C: goat anti-mouse GPNMB polyclonal
(1:200, R&D systems, AF2330), rabbit anti-von Willebrand (1:1000,
Sigma, F3520), mouse anti-NeuN (1:500, Millipore, MAB377), rabbit
anti-TH (1:1000, Pel-Freez Biologicals, P40141), mouse anti-TH
monoclonal (1:1000, Millipore, MAB318, clone LNC1), rabbit anti-
GFAP (1:500, Abcam, ab7260), rabbit anti-Iba1 (1:200, Wako). The
following day, fluorescently conjugated secondary antibodies were
applied for 1 h at RT in 10% donkey serum in PBS (all at 1:500,
Invitrogen Alexa Fluor), followed by a 5-min incubation with Hoechst
(PromoKine, PK-CA707–40047). Sections were subsequently mounted
onto Superfrost slides (Thermo Fischer) and coverslipped with Mowiol
(Sigma, Cat nr. 81,381) prior to imaging with the Keyence microscope
system (40× objective, tiled images). High magnification images (63×
objective) were obtained using the Leica TCS-SP8 Confocal microscope.

2.7. Statistical analysis

Data was tabulated in Microsoft Excel (2016), and statistical ana-
lysis was performed using GraphPad Prism v7.01. Outliers were iden-
tified using the GraphPad Prism-recommended ROUT method (Q set at
1%). One outlier was identified in the caudate-putamen cohort of
healthy subjects and removed from the data set. All analyses were
performed on the cleaned data set. A two-way ANOVA, with Sidak's
multiple comparison correction test when appropriate, was used to
measure differences in GPNMB levels across brain regions between
healthy subjects and sporadic PD patients, between mouse brain regions
upon vehicle or CBE treatment, or between WT and Thy1-aSYN mouse
brain regions. Tests reached significance when p < .05.
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3. Results

3.1. GPNMB levels are elevated in the substantia nigra of sporadic PD
patients

Neuropathological changes in the substantia nigra (SN) are a hall-
mark feature of Parkinson's disease, therefore we asked whether
GPNMB protein levels are altered in this region of the brain of sporadic
PD patients. Quantitative enzyme-linked immunosorbent assay (ELISA)
revealed that GPNMB protein levels in the substantia nigra of sporadic
PD patients were highly elevated compared to healthy subjects (Fig. 1A;
two-way ANOVA, brain region F(1,97)= 26.64, p < .0001; with Sidak's
multiple comparison test, p < .0001). Interestingly, the levels of
GPNMB in the cerebellum (CB) and caudate and putamen (CP) of sPD
patients were not altered compared to healthy subjects, indicating that
GPNMB is selectively elevated in the SN, and this is significantly in-
fluenced by disease state (Fig. 1A; two-way ANOVA, interaction
F(2,97) = 3.943, p= .0226). Given that increasing age is a major risk
factor for the development of PD (Collier et al., 2011), we sought to
identify if GPNMB expression in the SN is associated with age in PD
patients. Although not significant, in both healthy subject and PD pa-
tient SN samples, GPNMB displays a trend for increased expression with

age (Supplementary Fig. 1, panels C and G). Indeed, when GPNMB le-
vels in the SN of healthy subject controls and sPD patients are grouped
by decade of age at death, a significant increase in GPNMB is found in
the SN of sPD patients who died in their 7th decade compared to age-
matched healthy subjects (two-way ANOVA, disease status
F(1,39) = 8.954, p= .0048; with Sidak's multiple comparison test,
p= .024, data not shown). GPNMB immunoreactivity was observed
within the SN region of healthy and sPD patient brains, with higher
levels observed in the SN of sPD patients (Fig. 1B). Large, dense puncta
were more common in the SN of sPD patients, while GPNMB-positive
puncta in healthy subjects were generally smaller, and fainter, pro-
viding a visual confirmation of the ELISA-based elevations of GPNMB
measured in the SN of sPD patients.

(A) Tissue homogenates from post-mortem cerebellum (CB) caudate
and putamen (CP) and substantia nigra (SN) from healthy subject
controls (n=31) and sporadic PD patients (n=25) were prepared.
Levels of GPNMB in these brain regions were determined by ELISA.
Results are means ± SEM, ****p < .0001 (two-way ANOVA, with
Sidak's multiple comparison post-hoc test). (B) DAB-based im-
munostaining revealed that GPNMB-positive puncta exist throughout
the human SN (white arrowheads) but are larger and more numerous in
sporadic PD patients compared to healthy subjects. Additionally, some

Fig. 1. GPNMB is uniquely elevated in the substantia nigra of sporadic PD patients.
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GPNMB-positive immunoreactivity produced a cell-like staining pattern
(open arrowheads) in both healthy subjects and sporadic PD patients.
Scale bar is 50 μm.

To identify whether GPNMB levels are associated with disease se-
verity and other clinicopathological measures, we obtained the neuro-
pathologic reports of the sPD patient cohort. There was no correlation
between age of onset or duration of disease with the GPNMB levels
measured in the SN (Supplementary Fig. 2). In this cohort of sPD pa-
tients, GPNMB levels in the SN did not correlate with pathological
features such as neuronal loss (Supplementary Fig. 3, panels A and E),
or extra-neuronal pigment (Supplementary Fig. 3, panels B and E).
GPNMB levels in the SN were also not correlated with disease severity
based on the Braak/Del Tredici score (Supplementary Fig. 3, panels C
and E) or the extent of neurofibrillary tangles observed with the Braak/
Braak score (Supplementary Fig. 3, panels D and E).

3.2. Brain region specific increase in GPNMB following complete
pharmacological inhibition of glucocerebrosidase activity in WT mice

Increased GPNMB levels following pharmacological inhibition of
glucocerebrosidase (GCase) has previously been observed in whole
brain homogenates from CBE-treated mice (Zigdon et al., 2015; Vardi
et al., 2016). To identify whether brain region-specific changes in
GPNMB, as observed in human PD brains, can occur upon pharmaco-
logical induction of lipidopathy, 2–3-month-old male WT mice were
injected with CBE (via i.p. injection) for 28 days. Pharmacological in-
tervention with CBE was observed to completely inhibit GCase activity
in all brain regions measured (Fig. 2A; two-way ANOVA, treatment
F(1,44) = 372.4, p < .0001; with Sidak's multiple comparison test,
p < .0001). Interestingly, GPNMB levels were elevated in a brain-re-
gion specific manner in the motor cortex (MCtx), hippocampus (HP),
and substantia nigra (SN) of CBE-treated WT mice compared to vehicle-
treated WT mice (Fig. 2B; two-way ANOVA, brain region
F(4,484) = 105.7, p < .0001; with Sidak's multiple comparison test,
MCtx p < .0001, HP p= .0014, SN p < .0001), and although GCase
activity was significantly decreased in the striatum and cerebellum,
there was no concurrent increase in GPNMB levels in these brain re-
gions in CBE-injected mice compared to vehicle-treated mice (Fig. 2B).
It is important to note that same-paradigm pharmacological inhibition
of GCase activity (Vardi et al., 2016) or transgenic abolishment of
GCase activity in the GBA-D409V homozygote mouse (Sardi et al.,
2011) leads to accumulation of GCase glycosphingolipid substrates in
brain regions displaying diminished GCase activity. These findings in-
dicate that specific brain-regions respond differently to pharmacologi-
cally-induced lysosomal stress, which may be influencing the differ-
ential vulnerability of neuronal populations to neurodegeneration as
posited by the threshold theory (Engelender and Isacson, 2016).

To determine the influence of alpha-synucleinopathy versus lipi-
dopathy in driving brain-region specific elevations, GPNMB levels were
measured in the brains of Thy1-aSYN mice. Mice modelling synuclei-
nopathy (Chesselet et al., 2012; Hallett et al., 2012) do not display
pathophysiological changes in GCase activity at a whole brain level
(Fig. 3A; unpaired Student's t-test, two-tailed, not significant (ns)) or in
a brain-region specific manner (Supplementary Fig. 4). Substrate ac-
cumulation of glycosphingolipids (Fig. 3B; two-way ANOVA, ns) is also
not observed in Thy1-aSYN mice compared to age-matched WT mice.
Importantly, Thy1-aSYN mice did not show differences in GPNMB le-
vels across various brain regions, indicating that aSYN load per se is not
a trigger for elevating GPNMB (Fig. 3C; two-way ANOVA, ns). GPNMB
immunofluorescence in the SN of Thy1-aSYN and WT mice visually
corroborated the similar ELISA-based levels of GPNMB protein mea-
sured in Thy1-aSYN mice compared to WT mice (Supplementary Fig. 5).

GPNMB expression has been observed in a variety of cells in re-
sponse to inflammatory triggers (Ripoll et al., 2007; Huang et al.,
2012), and is elevated in both peripheral and central glial cells in ly-
sosomal storage disorders (Marques et al., 2016). To identify the

potential cellular source leading to elevated GPNMB following GCase
inhibition in the CBE model of lipidopathy, fluorescent immunostain-
ings for GPNMB and various cell-specific markers (NeuN, vWF, GFAP,
and Iba1) were performed on brain sections collected from CBE-treated
and vehicle-treated WT mice. GPNMB immunoreactivity is elevated in
the mouse ventral cortex, motor cortex, hippocampus and substantia
nigra following CBE treatment (Fig. 4A), visually corroborating ELISA-
based measurements which show that GPNMB is significantly elevated
in the motor cortex, hippocampus, and substantia nigra after GCase
inhibition in mice (Fig. 2B). GPNMB immunoreactivity is not observed
in NeuN-positive cells, or with blood vessels (vWF) in cortical regions,
hippocampus or substantia nigra (Fig. 4A). Additionally, GPNMB does
not colocalize with TH-positive neurons in the substantia nigra (Fig. 4A,
panels p - s). An increase in GPNMB-positive staining is found in regions
which display elevated glial activation upon CBE-treatment (Fig. 4A)
and upon high magnification observation, GPNMB immunopositivity is
found in and around some astrocytes (GFAP), and microglia (Iba1)
(Fig. 4B).

4. Discussion

This investigation provides the first molecular evidence for GPNMB
protein changes in human Parkinson's disease brain. The experiments
showed that GPNMB protein levels are specifically elevated in the
substantia nigra (SN) of sporadic PD patient brains, and, using a
pharmacological approach that models lipidopathy in mice, we iden-
tified that changes in GPNMB are not influenced by the enhanced
presence of aSYN aggregates, but are associated with the lipid dysre-
gulation that occurs in PD-relevant brain regions. We have previously
shown that the SN of post-mortem sporadic PD patient brains mirrors
the characteristic molecular pathology observed in Gaucher's disease:
the activity of the lysosomal hydrolase glucocerebrosidase (GCase) is
diminished in the SN and this is coincides with an accumulation of
glycosphingolipids (Rocha et al., 2015a). A meta-data analysis of sev-
eral large genome-wide association studies identified that polymorph-
isms in the GPNMB gene represent one of the major risk factors for the
development of idiopathic PD (Kumaran and Cookson, 2015), with
elevated transcripts of GPNMB found in PD patient brain (Murthy et al.,
2017; Neal et al., 2018), as well as altered DNA methylation patterns in
the GPNMB gene (Plagnol et al., 2011). The functional implications
with regards its role in PD have yet to be fully elucidated, but evidence
exists linking GPNMB to disease progression and severity in Gaucher's
disease (Zigdon et al., 2015; Kramer et al., 2016; Vardi et al., 2016;
Murugesan et al., 2018) and Niemann Pick's C disease (Marques et al.,
2016), lipid storage disorders caused by lysosomal dysfunction. Fur-
thermore, GPNMB may facilitate lysosomal function in that it was
found to be necessary for phagosome fusion to the lysosome, leading to
efficient macroautophagy in the context of tissue repair (Li et al., 2010).
Thus, GPNMB, in the context of lysosomal dysfunction in PD may be
functioning to enhance protein degradation systems in response to
cellular stressors such as elevated glycolipids.

4.1. GPNMB serves as a marker for lipidopathy in context of Parkinson's
disease

Many lines of evidence have demonstrated a bidirectional link be-
tween decreased GCase activity and increased aSYN accumulation in
the context of Parkinson's disease (Blanz and Saftig, 2016), and this
molecular pathology is mirrored in the brains of Gaucher disease pa-
tients, who also display aggregates of aSYN reminiscent of Lewy bodies
(LB) (Wong et al., 2004). However, mice modelling alpha-synucleino-
pathy (Thy1-aSYN) (Chesselet et al., 2012) do not show altered GCase
activity levels compared to WT mice (Richter et al., 2014; Rockenstein
et al., 2016), and in these Thy1-aSYN mouse brains we observed
comparable GPNMB levels as detected in WT mouse brains. This implies
that the presence of elevated aSYN does not drive alterations in GPNMB
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levels, whereas direct induction of lipidopathy using CBE-mediated
inhibition of GCase activity leads to GPNMB elevations that mirror
those seen in the SN of PD patients. Given that glycolipid profiles are
altered in the brains of PD patients (Rocha et al., 2015a) it is plausible
that changes in lipids is one driver of the pathophysiological elevations
of GPNMB observed in the SN of PD patient brains.

Various studies using human material and mouse models have de-
monstrated that GPNMB is directly correlated with lipidopathy severity
in Gaucher's disease (Zigdon et al., 2015; Kramer et al., 2016;
Murugesan et al., 2018). In vivo evidence shows that GPNMB mRNA
levels correlate with glucosylceramide (GlcCer) and glucosphingosine
(GluSph) levels in the CBE-model of lipidopathy (Vardi et al., 2016), as
well as CSF levels of GPNMB correlating with GluSph in human Gau-
cher disease patients (Murugesan et al., 2018). Direct evidence that
manipulation of lipid accumulation itself (and subsequent lysosomal
lipid pressure) and not just lysosomal dysfunction leads to GPNMB
expression has been demonstrated in vitro. Using the macrophage
RAW264.7 cell line, Marques and colleagues demonstrated that cho-
lesterol accumulation after U18666A treatment, mimicking the Nie-
mann Pick C disease phenotype, resulted in elevation of GPNMB
(Marques et al., 2016). Furthermore, prevention of GSL production via
glucosylceramide synthase inhibition in obese adipose tissue

macrophages lowered U18666A-mediated increase in GSLs and GPNMB
(Gabriel et al., 2014). Additionally, GPNMB upregulation had been
observed following in vitro induction of lysosomal stress and lipid ac-
cumulation by treating RAW264.7 macrophages with the fatty acid
palmitate (Gabriel et al., 2014). Stress on the lysosomal system seems to
be the driver for elevating GPNMB levels since increasing the intra-
lysosomal pH in obese adipose tissue macrophages leads to GPNMB
induction, whereas thapsigargin-induced ER stress does not alter
GPNMB levels (Gabriel et al., 2014). Thus, changes in GPNMB levels are
directly associated with lysosomal dysfunction in a variety of well-de-
fined models and disease scenarios, supporting the idea that the
GPNMB changes observed in PD-relevant brain regions are driven by
glycolipid changes and lysosomal dysfunction.

The functional consequences of dysregulated lipids in the context of
neurodegeneration is important when considering the impact of future
therapeutic interventions, since the appearance of many of the con-
ventional pathological hallmarks of Parkinson's disease are becoming
directly associated with lipid changes. Elevation of reactive oxygen
species and mitochondrial dysfunction in neurons leads to elevated
lipid production in neurons and subsequent accumulation of lipid
droplets, a lipid storage organelle, in glial cells (Liu et al., 2015). Ap-
propriate lipid transfer between these cells via lipid transporters such as

Fig. 2. GPNMB is elevated in mouse brain following
complete pharmacological inhibition of glucocer-
ebrosidase activity. Tissue homogenates of freshly
dissected striatum (STR), cerebellum (CB), motor
cortex (MCtx), hippocampus (HP) and substantia
nigra (SN) from mice receiving daily (for 28 days)
i.p. injections of DMSO (0.1%, n=4–6) or CBE
(100mg/kg, n=3–6) were prepared. (A)
Glucocerebrosidase activity levels were determined
using the artificial substrate 4-methylumbelliferyl-β-
D-glucopyranoside (4-MU-Glc). GCase activity levels
were significantly diminished in all brain regions in
CBE-treated mice. (B) Levels of GPNMB across these
brain regions were determined by ELISA, with sig-
nificantly elevated GPNMB measured in the MCtx,
HP, and SN of CBE-treated mice. GPNMB levels in
the STR and CB were not affected by CBE-treatment.
For panels A and B, results are means ± SEM,
**p < .01, ****p < .0001 (two-way ANOVA, with
Sidak's multiple comparison post-hoc test).
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apolipoproteins, is essential for maintaining metabolic integrity of the
neuron. Under conditions of oxidative stress, if lipids are unable to be
transported correctly from neurons to glial for lipid droplet formation,
this results in the accumulation of lipids within neurons and leads to
neurodegeneration (Liu et al., 2017). Importantly, MPTP-induce ele-
vations of reactive oxygen species in mice led to elevations of GPNMB
in astroglial cells in the nigrostriatal system (Neal et al., 2018), and as
such changes in GPNMB may reflect the glial response to ROS-induced
lipid droplet transfer dysfunction from neurons, and ultimate lipid
dysregulation within neurons.

Studies in Gaucher disease cells demonstrated that glycolipid ac-
cumulation severely altered membrane fluidity and lipid raft structures
resulting in impaired endocytosis and immune signaling (Batta et al.,
2018). Thus, alteration of lipid homeostasis within a neuron could also
lead to dire consequences in terms of neuronal membrane function. In
fact, the phospholipid content of the lipid bilayer was shown to directly
impact the ability of aSYN to aggregate, and supports the concept that
lipid dysregulation is a driving force behind pathological accumulation
of aSYN aggregates (Pfefferkorn et al., 2012; Taguchi et al., 2017; Lv
et al., 2018). Given that aSYN plays an important physiological role at
the synapse (Burré et al., 2018), lipid-induced changes of the avail-
ability of aSYN could impact synaptic function, and thus neuronal in-
tegrity. Furthermore, the presence of lipids and membranous lipid-
dense structures within LB aggregates has recently been described, and
provides physical evidence implicating lipids and lipid membrane
fragments as building blocks of LB pathology in human PD
(Shahmoradian et al., 2017). Neurons experiencing (oxidative) stress
and subsequent dysregulation of lipid bilayer homeostasis may try to

contain the potentially damaging effects of dysregulated lipids and
lipid-membranes, along with lipid-bound protein aggregates, by
pooling these molecules into Lewy bodies, which may serve as a benefit
for cellular health at first, but over time results in the loss of cellular
integrity under continued stress. The current paper, and several emer-
ging publications in this field (Shahmoradian et al., 2017; Taguchi
et al., 2017; Kim et al., 2018), are pointing out the interactions that
occur in the lipid-alpha synuclein biochemistry. Indeed, as we and
others are finding, the LB may, after the re-examination with more
current data, be considered a lipid-inclusion, with large amounts of
aSYN attached as fibrils and other forms along with undigested orga-
nelles (Shahmoradian et al., 2017). These observations suggest a more
coherent process, as far as pathophysiology is concerned, in which
many mutations involved in the PD spectrum disorders precipitate
dysfunctions that tend to, with age, lead to accumulation or aggregation
of aSYN.

4.2. Differential response of vulnerable neurons to elevation of glycolipids

Systemic inhibition of lysosomal glucocerebrosidase using con-
duritol-beta epoxide (CBE) has previously been shown to recapitulate
specific PD-relevant pathologies, including accumulation aSYN ag-
gregates, elevation of glycosphingolipids, and widespread neuroin-
flammation (Rocha et al., 2015b). We report here that systemic CBE-
mediated GCase inhibition results in brain region-specific elevations of
GPNMB, corroborating whole-brain measurements from other groups
(Zigdon et al., 2015; Vardi et al., 2016). GPNMB is elevated in the
substantia nigra of mice modelling lipidopathy, which is analogous to

Fig. 3. GPNMB levels in brain regions of mice
modelling alpha-synucleinopathy are not different
compared to age-matched WT mice. Whole brain
homogenates from age-matched wild-type (WT;
n=6) or Thy1 alpha-synuclein overexpressing
(Thy1-aSYN; n= 6) mice display similar levels of (A)
glucocerebrosidase (GCase) activity and (B) glyco-
sphingolipids such as glucosylceramide (GlcCer) and
glucosphingosine (GluSph). Results are
mean ± SEM. (C) GPNMB levels in striatum (STR),
motor cortex (MCtx), and substantia nigra (SN)
motor cortex homogenates from age-matched WT
(n=3–6) and Thy1-aSYN mice (n=6–9) were
measured by ELISA and show that transgenic animals
display similar GPNMB levels to WT mice in these
brain regions. Results are mean normalized to cor-
responding WT brain region ± SEM. No significant
differences were observed with statistical tests
(Panel A: unpaired two-tailed Students t-test; Panels
B and C: two-way ANOVA).
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the SN-specific elevations of GPNMB observed in human PD patients
that also display GCase deficiencies in the SN.

Neuronal populations throughout the brain are known to exhibit
different vulnerability profiles in response to various stressors. Intra-
nigral injection of the TLR3 agonist Poly(I:C), a synthetic dsRNA, which
causes viral-like inflammation, and of the TLR4 agonist, LPS (inducing
bacterial-like inflammation), induces a prominent upregulation of in-
flammatory cytokines and a long-lasting inflammatory reaction, and
triggers neuronal changes observed in early neurodegeneration and
predisposes midbrain dopamine neurons to be more vulnerable to
subsequent oxidative stress (Koprich et al., 2008; Deleidi et al., 2010).
Complex 1 inhibitors such as MPTP (Brownell et al., 1998) or rotenone
(Sherer et al., 2003) also drive the specific degeneration of nigrostriatal

dopaminergic neurons. On the other hand, induction of mitochondrial
dysfunction via complex 2 inhibition in aged rats is specifically toxic to
striatal neurons (Bossi et al., 1993). The threshold theory (Engelender
and Isacson, 2016) encompasses the interplay between cell type,
stressor level, region specificity, and temporal aspect to describe how a
neuronal population would respond to a neurotoxic insult. However,
the intensity of a stressor could also drive a differential response within
the same neuronal population: in terms of pathophysiology, intense and
rapid elevations of glycolipids, as found in lysosomal storage disorders,
or following CBE-treatment, versus a gradual increase over time, as
observed in PD brains, produce very different neuropathic responses
and subsequent disease manifestations (Neudorfer et al., 1996; Platt,
2014; Aflaki et al., 2017).

Fig. 4. GPNMB is associated with glial cells in mouse
brain following pharmacological inhibition of glu-
cocerebrosidase activity. (A) Fluorescent im-
munostaining in ventral cortex (a–e), motor cortex
(f–j), and hippocampus (k–o) for GPNMB (green),
DAPI (blue), and various cell-specific markers in red
(NeuN, vWF, Iba1 and GFAP) illustrate that GPNMB
immunoreactivity is elevated following CBE-treat-
ment (b–e, g–j, l–o) compared to vehicle-treatment
(a, f, k). A triple immunostaining was performed to
visualize TH-positive cells (blue), GPNMB (green)
and cell-specific markers (red): NeuN (p), vWF (q)
GFAP (r), and Iba1 (s) in the substantia nigra (p–s),
which also depicts that GPNMB immunoreactivity is
increased upon CBE-treatment (p–s) compared to
vehicle treatment (inset in p). (B) High magnification
confocal microscopy images illustrate the variety of
staining patterns obtained for GPNMB (green) in and
around astrocytes (i; GFAP, red) or microglia (ii;
Iba1, red). GPNMB immunoreactivity is found to be
associated with GFAP-positive processes (closed
arrow in top panel) or surrounded by Iba1-positive
processes (open arrows in bottom panel). GPNMB-
positive cell-like structures that are not GFAP-posi-
tive are also observed (open arrowheads). GFAP-
positive astrocytes, or Iba1-positive microglia that
are negative for GPNMB are also present (closed ar-
rowheads). Scale bars in panel A=100 μm. Scale
bars in panel B=10 μm. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the web version of this article.)
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4.3. GPNMB may function to modulate the inflammatory response in PD

The role of GPNMB in the context of PD remains obscure, but evi-
dence that GPNMB has a role in inflammation may provide clues re-
garding the elevated GPNMB observed in PD-relevant brain regions.
Inflammation plays an important role in the pathogenesis of PD (Deleidi
and Isacson, 2012), and many of the genes implicated in the disease
process have been shown to play a role in pathways involved in the
regulation of immunity and inflammation (Dzamko et al., 2015).
GPNMB is expressed in a variety of immune cells (macrophages and
dendritic cells) (Ahn et al., 2002; Ripoll et al., 2007) and has been
studied in many contexts, including cancer and inflammation (Huang
et al., 2012; Maric et al., 2013). Activation of T-cells via interaction
with antigen-presenting cells such macrophages and dendritic cells is an
important step in mediating an active immune response. GPNMB was
found to cause impairment of T-cell activation via interaction with the
extracellular matrix protein syndecan-4 (Chung et al., 2007), and as
such can act as a potent anti-inflammatory mediator. GPNMB can also
exist as an extracellular protein through cleavage of the extracellular
domain by ADAM10, and thus can be release as soluble protein into the
extracellular matrix to have angiogenic properties (Rose et al., 2010)
which could influence immune cell migration function. On the other
hand, by interacting with syndecan-4 on tumor-reactive T-cells, GPNMB
promotes melanoma growth (Tomihari et al., 2010). GPNMB has also
been implicated in regulating microglial inflammation in response to
LPS activation (Shi et al., 2014).

Mice modelling GD-relevant lipidopathy, either via pharmacological
inhibition of GCase activity, or transgenic GBA1 knockout mouse, dis-
play similar neuroinflammatory changes in microglia and astrocytes
(Farfel-Becker et al., 2011; Vardi et al., 2016). We observed that regions
with high glial activation following pharmacological inhibition of
GCase activity where those that displayed the greatest elevation of
GPNMB. New evidence demonstrates that GPNMB can attenuate the
astrocytic inflammatory response via interaction with CD44 in the
MPTP mouse model of PD (Neal et al., 2018). Therefore, it is plausible
that lipidopathy-driven elevations in GPNMB may be a cellular me-
chanism for attenuating neuroinflammation, in response to a variety of
stress insults that directly (lysosomal dysfunction) or indirectly (ROS)
affect lipid homeostasis.

4.4. Lipid changes leading to inflammation, with GPNMB reflecting cellular
interactions

We have previously demonstrated that pharmacological inhibition
of GCase activity with subsequent lipid dysregulation leads to micro-
glial activation (Rocha et al., 2015b). Lipid regulation and transport
through tissue is also important for Alzheimer's disease and several
other neurodegenerative conditions. Interestingly, TREM2-mediated
activation of APOE signaling can drive phagocytic microglia towards a
chronic inflammatory phenotype, and this is dependent on TREM2-
APOE transcriptional regulation of a number of targets, GPNMB in-
cluded, in microglia (Krasemann et al., 2017). Furthermore, in the
PS2APP mouse model of Alzheimer disease, transcript levels of GPNMB
are elevated in the brain, and this elevation is driven by microglial-
specific upregulation of the GPNMB transcript in aged PS2APP brains
(Srinivasan et al., 2016). Thus, elevation of GPNMB potentially reflects
neuronal-glial communication in diverse neurodegenerative disorders,
in response to neuronal dysfunction induced by a variety of reasons be
it lipid-induced, inflammatory, ischemia, or oxidative stress (Nakano
et al., 2014; Murata et al., 2015; Vardi et al., 2016; Neal et al., 2018)
and may serve to stabilize the microenvironment for the most optimal
response to pathological cellular stressors.

4.5. Summary and conclusions

Here we show region-specific elevation of GPNMB levels in

Parkinson's disease substantia nigra and in an experimentally-induced
glycolipid disorder, but not in a severe model of alpha-synucleinopathy.
An interesting interpretation of our data is that lipidopathy drives pa-
thology in both human PD and the animal models and suggests that the
alpha-synucleinopathy observed in PD pathology may be secondary to
pathological lipid changes. Instead of the existence of a dichotomy for
lipid- or alpha-synuclein pathology, our new data may support the idea
of a convergence, and perhaps even a different sequence of events
leading to alpha-synucleinopathy than previously considered.
Furthermore, these findings illustrate that GPNMB may, as a biomarker,
define cellular signals that, if used in concert with genetic or other
biological risk factors (Schapira, 2013; Chahine et al., 2014; Kumaran
and Cookson, 2015), can show ongoing early and late pathology re-
levant to Parkinson's disease prevention and treatment.
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