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Abstract

Cognitive impairment is a common non-motor complication of Parkinson’s disease (PD). Glucocerebrosidase gene (GBA1) variants are
found in 10–15% of PD cases and are numerically the most important risk factor for PD and dementia with Lewy bodies. Accumulation
of α-synuclein and tau pathology is thought to underlie cognitive impairment in PD and likely involves cholinergic as well as
dopaminergic neurons. Neural crest stem cells were isolated from both PD patients with the common heterozygous N370S GBA1
mutation and normal subjects without GBA1 mutations. The stem cells were used to generate a cholinergic neuronal cell model. The
effects of the GBA1 variant on glucocerebrosidase (GCase) protein and activity, and cathepsin D, tau and α-synuclein protein levels in
cholinergic neurons were examined. Ambroxol, a GCase chaperone, was used to investigate whether GCase enhancement was able
to reverse the effects of the GBA1 variant on cholinergic neurons. Significant reductions in GCase protein and activity, as well as in
cathepsin D levels, were found in GBA1 mutant (N370S/WT) cholinergic neurons. Both tau and α-synuclein levels were significantly
increased in GBA1 mutant (N370S/WT) cholinergic neurons. Ambroxol significantly enhanced GCase activity and decreased both tau
and α-synuclein levels in cholinergic neurons. GBA1 mutations interfere with the metabolism of α-synuclein and tau proteins and
induce higher levels of α-synuclein and tau proteins in cholinergic neurons. The GCase pathway provides a potential therapeutic
target for neurodegenerative disorders related to pathological α-synuclein or tau accumulation.

Introduction
Although the loss of substantia nigra dopaminergic neu-
rons is responsible for the dominant early motor features
in Parkinson’s disease (PD), multiple neurotransmitter
systems are known to be involved in this disorder. In
the temporal staging of PD pathology proposed by Braak,
Lewy bodies and neuronal loss in the substantia nigra
occur concurrently with accumulation of α-synuclein
(α-syn) deposition in cholinergic neurons of the basal
forebrain neurons (1) suggesting that cholinergic dener-
vation occurs early in PD. Both dopaminergic and cholin-
ergic degeneration are likely to contribute to cognitive
impairment in PD (2,3).

Glucocerebrosidase (GCase) is a lysosomal enzyme
involved in the metabolism of glucosylceramide and is
encoded by the GBA1 gene. Homozygote GBA1 mutations
cause Gaucher’s disease, a systemic lysosomal storage
disorder with a variable degree of involvement of the
central nervous system. GBA1 mutations (heterozygote
and homozygote) are numerically the most important
risk factor for the development of PD and for Dementia
with Lewy bodies (DLB) (4,5). Cognitive impairment is
reported to occur earlier and progress more rapidly
in PD subjects with GBA1 variants, including the
N370S variant (6). Most GBA1 variants reduce GCase
activity and this in turn is associated with elevated

levels of α-syn (7). We have previously reported on the
biochemical consequences of the N370S GBA1 variant in
dopaminergic neurons derived from patients with PD (8).
For the first time, we report the effects of the common
N370S PD-associated GBA1 variant in stem cell–derived
cholinergic neurons to provide further insight into the
potential mechanisms of cognitive dysfunction in GBA1-
linked PD.

Cholinergic neuronal cell models have been generated
from Alzheimer’s disease patients (9–11). Although dif-
ferent procedures and growth factors were used in the
protocols, there was a common step in all these proce-
dures, which is turning stem cells into neurospheres and
then inducing neurospheres into cholinergic neurons.
Neural crest stem cells (NCSCs) derived from adipose
tissue have all the properties to form neurospheres (8),
suggesting NCSCs may act as an alternative cell resource
for generation of cholinergic neuronal models.

Tau is a member of microtubule-associated protein
family and is involved in several neurodegenerative
diseases. Tau pathology in neurodegenerative diseases
is characterized by pathological tau aggregation in
neurofibrillary tangles. The aggregation and deposition
of tau were observed in approximately 50% of PD brains.
Ambroxol (ABX) has been used for several years for the
treatment of airway mucus hypersecretion and hyaline
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Figure 1. Human NCSCs were suspended in neurosphere formation medium for 10 min (A), after 3 h of incubation in neurosphere formation medium,
NCSCs started to clump together (B). After 12 h of incubation in neurosphere formation medium, neurospheres were formed (C). BrdU incorporation
assay indicated that the NCSCs continue proliferation in neurospheres over a 3-day period (D-F). Incorporated BrdU was immunostained fluorescent
red, β-III tubulin was immunostained fluorescent green and nuclei were stained fluorescent blue with DAPI.

membrane disease in newborn babies. A drug screen
then identified ABX as small molecule chaperone of
GCase (12). Treatment of fibroblasts containing GBA1
mutations with ABX resulted in increased level of GCase
protein and its activity (13) and ABX has also been shown
to increase GCase activity to reduce GCase substrate in
macrophages with GBA1 mutations (14). We employed
ambroxol as a GCase enhancement agent to treat
GBA1 mutant (N370S) cholinergic neurons to examine
whether increased GCase protein and activity affect the
metabolism of α-syn and tau proteins in cholinergic
neurons.

Results
Formation and characterization of neurospheres
Adipose-derived NCSCs were converted to neurospheres
as previously described (8) (Fig. 1A–C). A bromodeoxyuri-
dine (BrdU) incorporation assay showed that 6 days after
conversion cells were still proliferating, as also reflected
by the increase in size of the neurospheres (Fig. 1D–F).

The neurospheres were characterized by immunocy-
tochemistry and RT-PCR (Fig. 2). The results showed that
the cells expressed typical neuronal markers, such as β-
III tubulin (Fig. 2A), NeuN (Fig. 2A) and Nestin (Fig. 2B),
the astrocyte marker GFAP (Fig. 2C), and NCSC mark-
ers SOX10 (Fig. 2D) and P75 (Fig. 2E). The transcript lev-
els of the pluripotent genes WNT1, PAX3, TWIST, SOX2,
OCT4, NANOG, REX1 and cMYC increased 2–10 times
in neurospheres compared with NCSCs (Fig. 2F). NCSCs
are highly migratory cells (15). The KLF4 gene encodes
a transcription factor mediating cellular migration (16).
As NCSCs form neurospheres and lose their migration
ability, the expression of KLF4 in neurospheres decreased
compared with NCSCs (Fig. 2F). These data indicate that
NCSC-derived neurospheres have similar characteristics
as embryonic stem cell or induced pluripotent stem cell
(iPSC)-derived neurospheres, which have been used to

generate functional basal forebrain cholinergic neurons
(17,18).

Induction of neurospheres to medial ganglionic
eminence cells
The first step for differentiation of neurospheres to
cholinergic neurons is to induce transition to medial gan-
glionic eminence (MGE) cells (19). A fibronectin-coated
plate was used to make suspended neurospheres (Fig. 2G)
attach to the plate surface (Fig. 2H). Cells were further
incubated with neurobasal medium supplemented with
B27, FGF2 and leukaemia inhibitory factor for up to7
days. MGE cells were formed and migrated from the
neurospheres (Fig. 2I). The homeobox protein NKX2–1
is an MGE cell marker (19). A higher level of NKX2–1
expression was seen at 7 days of incubation (Fig. 2K)
compared with 5 days (Fig. 2J).

Characterization of cholinergic neurons
After 31 days of cholinergic neuronal differentiation,
most cells showed neuronal cell morphology (Fig. 3A).
The vesicular acetylcholine transporter (VAChT) is a
neurotransmitter transporter responsible for transfer-
ring acetylcholine into secretory vesicles (20). VAChT is
regarded as a specific marker for cholinergic neurons
and has been widely used for the study of cholinergic
transmission in experimental models of Alzheimer’s
disease and other disorders involving cholinergic neu-
rons (21). Immunostaining showed that the neuronal
marker β-III tubulin was expressed in the majority of
the NCSC-derived cholinergic neurons after 31 days
of differentiation (Fig. 3B, C and D, and Supplementary
Material, Fig. S1), whereas VAChT was expressed in 45–
60% of the cells (Fig. 3B and Supplementary Material, Fig.
S1). Immunoblotting demonstrated that VAChT levels
progressively increased during the 31-day differentiation
protocol (Fig. 3E and F). Choline acetyltransferase (ChAT)
plays a key role in the biosynthesis of the neurotransmit-
ter acetylcholine and is a marker for cholinergic neurons.
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Figure 2. The neural markers β-III tubulin (A), NeuN (A) and Nestin (B), the astrocyte marker GFAP (C), and the NCSC markers SOX10 (D) and P75 (E)
were expressed in neurospheres. The transcript levels of the NCSC markers P75 and SOX10, and the pluripotent genes WNT1, PAX3, TWIST, SOX2, OCT4,
NANOG, REX1 and cMYC were increased in neurospheres compared with NCSCs, whereas transcript level of the transcription factor KIF4, which mediates
migration, was decreased (F). Neurospheres were formed and maintained in suspension in neurosphere formation medium (G). Neurospheres attached
to the surface of a well in a fibronectin-coated plate (H). Medial ganglionic eminence (MGE) cells formed in pre-cholinergic neuronal differentiation
medium (I). Higher level of NKX2-1 expression (red) occurred after 7 days of incubation in pre-cholinergic neuronal differentiation medium (K) as
compared with 5 days incubation (J).

GABA-B receptors are located on nerve terminals of
cholinergic neurons and mediate inhibition of nerve-
stimulated release of acetylcholine. Both ChAT and
GABA-B receptors have been used to identify cholinergic
neurons in previous studies (22,23). Immunostaining
revealed that 35–45% of the differentiated cells expressed
ChAT and GABA-B receptors, while > 85% expressed
the neuronal marker β-III tubulin (Fig. 3C and D, and
Supplementary Material, Fig. S1).

To investigate if the N370S GBA1 variant affects the
function of ligand-gated Ca2+ channels in the NCSC-
derived cholinergic neurons, we measured intracellular
Ca2+ changes in neurons loaded with the Ca2+ indicator
dye Fluo-4 AM in response to different neurotrans-
mitters. A similar approach has been used to analyse
human embryonic stem cell–derived cholinergic neurons
(18). The receptors for glutamate and dopamine have
previously been demonstrated in cholinergic neurons
(24,25). Our NCSC-derived cholinergic neurons were
stimulated with glutamate and dopamine. Towards
the end of the recordings, the ionophore ionomycin
was added to the medium to confirm the viability of
the cells. The cells were responsive to both glutamate
and dopamine. We observed no difference between
the transient cytosolic Ca2+ changes in the GBA1
variant (N370S/WT) and healthy (WT/WT) NCSC-
derived cholinergic cells (Fig. 3I and J). To examine
whether the N370S variant affects cholinergic neuronal
differentiation, we compared VAChT expression levels
between N370S/WT and control NCSC-derived choliner-
gic neurons (Fig. 3G and H). The level of VAChT in both
neuronal types was not significantly different, indicating

the GBA1 variant (N370S/WT) did not affect neuronal
differentiation.

Increased levels of tau and α-syn in N370S GBA1
variant cholinergic neurons
Microtubule-associated protein tau (encoded by the
MAPT gene) is expressed mainly in neurons of the central
nervous system and is a regulator of tubulin assembly in
neuronal cells (26). Mutations in MAPT cause neurode-
generative tauopathies, e.g. progressive supranuclear
palsy and frontotemporal dementia. Aggregated tau is
also found in other neurodegenerative disorders, such as
Alzheimer’s disease and DLB. Tau and α-syn inclusions
are present in cholinergic neurons of synucleinopathies
associated with dementia (27). Increased tau phospho-
rylation at Ser396 (S396) along with α-syn has been
reported in synapse-enriched fractions from PD brains.
The co-occurrence of phosphorylated species of tau
and α-syn and the presence of both in Lewy bodies
suggest a possible physiological or pathophysiological
interaction (28). We examined the levels of tau, phospho-
tau (S396) and α-syn proteins in control and N370S/WT
GBA1 variant cholinergic neurons. Compared with
controls, GCase protein level and enzyme activity were
significantly decreased, respectively 41% and 32% lower
in N370S/WT cholinergic neurons (Fig. 4A). GCase protein
and activity decreased in parallel suggesting that the
low GCase activity is due to a lower level of enzyme
protein. Compared with controls, tau and phospho-tau
(S396) levels were significantly increased, respectively
164% and 120% higher in N370S/WT cholinergic neurons
(Fig. 4B and C), while α-syn levels were also significantly

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac038#supplementary-data
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Figure 3. Morphology of cholinergic neurons after 31 days of differentiation (A). Neuronal marker β-III tubulin (green) was expressed in most of the
cells (B, C and D). Cholinergic neuronal markers VAChT (red) (B), ChAT (red) (C) and the GABA receptor (red) (D) were expressed in differentiated cells.
The expression level of VAChT increased during the differentiation (E and F). VAChT levels were compared between normal (WT/WT) and GBA1 mutant
(N370S/WT) cholinergic neuronal cultures (G and H). Single-cell transient cytoplasmic Ca2+ fluxes of NCSC-derived cholinergic neurons upon application
of 10 μM glutamate, 20 μM dopamine and 5 μM ionomycin in normal (WT/WT) (I) and GBA1 mutant (N370S/WT) cultures (J).

increased by 105% in N370S/WT cholinergic neurons
(Fig. 4D).

Effects of the GBA1 N370S mutation on cathepsin
D and macroautophagy pathways in cholinergic
neurons
Our previous study reported that the N370S/WT GBA1
variant reduced cathepsin D (CTSD) protein and activity
in dopaminergic neuronal cells (29). We therefore
compared CTSD protein levels between control and
N370S/WT cholinergic neurons. CTSD levels were
significantly lower in N370S/WT cholinergic neurons
compared with control (Fig. 5A).

Tau and α-syn turn over through the autophagy path-
way. Therefore, we examined whether GCase dysfunction
had any effects on macroautophagy in cholinergic
neurons. The macroautophagic flux can be evaluated
by assessing the levels of post-translationally modified
microtubule-associated protein 1A/1B-light chain 3
(LC3). Cytosolic LC3 is cleaved to form LC3-I, which is
subsequently conjugated to phosphatidylethanolamine
to form LC3-II and recruited to the autophagosomal
membranes. We measured the levels of LC-I and LC-
II in control and N370S/WT cholinergic neurons on
immunoblots. Calculation of the LC3-II/LC3-I ratios
revealed no significant differences, indicating that basal
macroautophagy is not affected by the GBA1 (N370S/WT)
genotype (Fig. 5B). To determine if the GBA1 (N370S/WT)
variant changes the flux of LC-II through the macroau-
tophagy pathway, we measured LC-II levels in cultures

treated with the lysosomal inhibitor bafilomycin. As
expected, bafilomycin treatment resulted in an increase
of LC3-II levels because it inhibits lysosomal LC3-II
degradation. Bafilomycin-treated control and N370S/WT
cholinergic neurons showed no difference in LC3-II levels
(Fig. 5C). This implies that the macroautophagic flux is
not affected by the GBA1 (N370S/WT) genotype.

The notion that the GBA1 (N370S/WT) genotype does
not affect the macroautophagy pathway in cholinergic
neuronal cells was further supported by immunoblots
probed for LAMP-2A and p62. The lysosomal protein
LAMP-2A is an important component of chaperone-
mediated autophagy in neurons. LAMP-2A levels of
N370S/WT and control neurons showed no significant
differences on immunoblots (Fig. 5D). Likewise, levels
of the autophagy receptor protein p62, encoded by the
SQSTM1 gene, were not significantly different in the
control and N370S/WT cholinergic cultures (Fig. 5E).

Ambroxol (ABX) treatment increases GCase
protein level and activity
ABX is a GCase pharmacological chaperone and has been
reported to increase the expression of the TFEB transcrip-
tion factor (30) and increase GCase protein and activity in
human dopaminergic neurons (8). N370S/WT GBA1 vari-
ant cholinergic neurons were treated with ABX for 6 days.
The treatment resulted in significant increases of GCase
protein level and activity by 50% and 55%, respectively
(Fig. 6A, B and C). ABX treatment significantly reduced
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Figure 4. GCase protein (GBA) and activity in normal (WT/WT) and GBA1 mutant (N370S/WT) cholinergic neurons (A). Tau protein in control (WT/WT)
and GBA1 mutant (N370S/WT) cholinergic neurons (B). Phospho-tau (S396) protein in control (WT/WT) and GBA1 mutant (N370S/WT) cholinergic
neurons (C). α-syn protein in normal (WT/WT) and GBA1 mutant (N370S/WT) cholinergic neurons (D).

tau levels to 44% of basal levels (Fig. 6D and E). Phospho-
tau (S396) levels varied in the different vehicle-treated
N370S/WT GBA1 cholinergic cultures (Fig. 6D), but treat-
ment with ABX resulted in an 8- to a 20-fold decrease
of phospho-tau (S396) levels (Fig. 6D and F). Levels of
α-syn were significantly decreased to 59% of basal levels
following ABX treatment (Fig. 6G and H).

Discussion
Cognitive impairment is a common feature of PD. GBA1
sequence variants are found in 10–15% of PD patients
and their presence is associated with earlier onset and
more rapid progression of cognitive dysfunction (6,31–
33). The cognitive decline seen in PD is thought to rep-
resent pathology in both dopaminergic and cholinergic

neuronal pathways. To date, no study has yet investigated
the potential effects of GBA1 mutations on cholinergic
function and whether the biochemical consequences of
these might accelerate proteinopathy related to cognitive
decline. In the present study, NCSCs from PD patients
with the N370S GBA1 variant were used to generate
cholinergic neurons. We found that GCase enzyme activ-
ity, and GCase and CTSD protein levels were significantly
reduced, and the levels of tau, phospho-tau (S396) and
α-syn were significantly increased in N370S/WT cholin-
ergic neurons. The ratio of LC3-II/LC3-I and autophagic
flux were not affected by the GBA1 variant, suggesting
that the increase in tau and α-syn after 31 days differen-
tiation is not mediated by impaired macroautophagy in
this cholinergic cell model. Although the protein levels
of LAMP2A were also unchanged, it cannot be excluded
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Figure 5. Cathepsin D (CTSD) protein in control (WT/WT) and GBA1 mutant (N370S/WT) cholinergic neuronal cultures (A). LC3-I and LC3-II protein
in control (WT/WT) and GBA1 mutant (N370S/WT) cholinergic neuronal cultures (B). LC3-I and LC3-II protein in control (WT/WT) and GBA1 mutant
(N370S/WT) cholinergic neuronal cultures treated with vehicle (−) or 100 nM bafilomycin (+) for 6 h (C). LAMP-2a protein in control (WT/WT) and GBA1
mutant (N370S/WT) cholinergic neuronal cultures (D). p62 protein in control (WT/WT) and GBA1 mutant (N370S/WT) cholinergic neuronal cultures (E).

Figure 6. GCase protein (GBA) and activity in ABX-treated and untreated GBA1 mutant (N370S/WT) cholinergic neurons (A, B and C). Tau and phospho-
tau (S396) proteins in ABX-treated and untreated GBA1 mutant (N370S/WT) cholinergic neurons (D, E and F). Monomeric α-syn protein in ABX-treated
and untreated GBA1 mutant (N370S/WT) cholinergic neurons (G and H). To highlight the variability in phospho-tau levels between the different cultures,
a box plot indicating median ± SEM was used in panel F.

that its assembly into the multimeric assembly complex
might affect degradation of these proteins via CMA (34).

CTSD-mediated proteolysis is essential for neuronal
degradation of unfolded protein aggregates that reach
the lysosomes via autophagy or endocytosis (35). Many
neuronal proteins, such as α-syn (36) and tau (37), are
physiological substrates of CTSD. The decreased CTSD

protein in the N370S GBA1 mutant cholinergic neurons
may explain the increased levels of these proteins in
the mutant neurons. Decreased CTSD activity has been
found in brains of PD and dementia with Lewy body
patients with and without GBA1 variants and correlated
with both reduced GCase activity and GBA1 gene expres-
sion (38). We have previously published the effects of
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the N370S GBA1 variant on dopaminergic neurons and
found GCase protein and activity significantly decreased
(8), with a significant reduction of CTSD protein and
activity, and an increase in α-syn levels (29). Reduced
expression of CTSD has also been reported in GBA1-PD
(39). The mechanism for why mature CTSD expression is
reduced in GBA1-PD neurons is unclear. Cathepsins are
expressed as pro-proteins, maturing as they reach the
acidified environment of endolysosomes. Loss of GCase
activity likely affects the lipid profile of cells that might
influence the transport of proteins to lysosomes and/or
the pH of lysosomes. The imbalance of both sphingolipids
and phospholipids has also been implicated in the mis-
handling of α-syn (40). While we have not measured
lipids in this study, ABX treatment has been reported
to lower GCase substrate in macrophages treated with
ABX (14) and might contribute to the reduction in at
least α-syn in our models following chaperone treatment.
In addition to autophagy, soluble α-synuclein and tau
can be degraded by the ubiquitin proteasome system
(UPS) (41). The UPS has been reported to be decreased
in the brain of Gba1 knockout mice (42) and might also
contribute to the accumulation of a-syn and/or tau in
this cholinergic model.

It has previously been suggested that both α-syn and
tau proteins play an important role in the pathogenesis
of cognitive dysfunction in PD (38). Our observation that
N370S GBA1 cholinergic cells have increased levels of
these two proteins may help provide an explanation for
the earlier onset and more rapid progression of dementia
associated with this mutation (43). This is supported
by the observation of both α-syn and tau aggregates in
the hippocampus of a homozygous Gba1 mutant mouse
model, which were coincident with memory deficits (44).
Notably, the increased tau we observe in our cholinergic
cells was phosphorylated at the same residues as tau
aggregates associated with the pathology of Alzheimer’s
disease and tauopathies.

ABX has been shown to reverse the biochemical con-
sequences of GBA1 mutations, increasing GCase enzyme
activity and reducing α-syn levels in a range of cell types,
including human dopaminergic neurons with the N370S
GBA1 variant and in vivo models (8,30,45,46). ABX has
most recently been used in the first clinical trial of a
personalized medicine for PD (47). It has been shown
to be brain penetrant and to increase GCase protein
levels in cerebrospinal fluid in PD patients with and
without GBA1 mutations. ABX has been proposed as
a potential disease-modifying drug to slow onset and
progression in PD. The results of the present study are
important in terms of the potential for ABX to reduce
tau, phospho-tau and α-syn levels in cholinergic neurons
and potentially influence the onset and progression of
cognitive decline in PD. Its ability to reduce tau, phospho-
tau and α-syn in cholinergic cells, as well as α-syn in
dopaminergic cells, could represent an important protec-
tive mechanism against dementia in PD, and GBA1-PD in
particular.

Materials and Methods
Study design and participants
This study was approved by the Royal Free Research
Ethics Committee, Royal Free Hospital, London, UK (REC
number 10/H0720/21). Written consent was obtained
from each subject included in the study, in accordance
with the Declaration of Helsinki. Three PD patients (2
females, 1 male, ages 55, 75 and 80) carrying heterozy-
gous GBA1 mutations (WT/N370S) and three healthy
controls (1 female, 2 males, ages 56, 59 and 73) confirmed
to have no GBA1 mutation, participated in the study.
Demographic, neurological and cognitive data were
collected. The control subjects had no neurological or
cognitive deficits by history. DNA from all participants
was studied by whole-exome analysis.

Sample collection and cell isolation
Subcutaneous fat was collected by skin biopsy. The pre-
vious published procedures were followed for the sample
preparation and NCSC isolation (8). The six individual
subjects were divided into two groups according to their
genotype (WT/WT healthy, N370S/WT PD).

Growth factors
Recombinant human/mouse fibroblast growth factor 8b
(FGF-8b), recombinant human fibroblast growth factor-2
(FGF-2, 146 amino acids), epidermal growth factor (EGF),
recombinant human bone morphogenetic protein-9
(BMP-9), recombinant human/mouse/rat/canine/equine
brain-derived neurotrophic factor (BDNF) and leukemia
inhibitory factor (LIF) were purchased from R and D
Systems.

Culture media
Stem cell growth medium consisted of Dulbecco’s
modified Eagle medium (DMEM; high glucose, GlutaMAX,
Life technologies) supplemented with fetal bovine serum
(10%), sodium pyruvate (1 mM), uridine (50 μg/ml), peni-
cillin (50 units/ml), streptomycin (50 μg/ml) and ampho-
tericin B (1.25 μg/ml). Neurosphere formation medium
consisted of DMEM/F12 medium supplemented with B27
(1×), FGF-2 (20 ng/ml), EGF (10 ng/ml), LIF (10 ng/ml),
penicillin (50 units/ml), streptomycin (50 μg/ml) and
amphotericin B (1.25 μg/ml). Pre-cholinergic neuronal
differentiation medium consisted of DMEM/F12 medium
supplemented with B27 (1×), FGF-2 (20 ng/ml), LIF
(10 ng/ml), BMP-9 (10 ng/ml), penicillin (50 units/ml),
streptomycin (50 μg/ml) and amphotericin B (1.25 μg/ml).
Cholinergic neuronal differentiation medium consisted
of DMEM/F12 medium supplemented with B27 (1×),
FGF-2 (20 ng/ml), LIF (10 ng/ml), BMP-9 (10 ng/ml),
BDNF (20 ng/ml), penicillin (50 units/ml), streptomycin
(50 μg/ml) and amphotericin B (1.25 μg/ml).

Neurosphere formation and cholinergic neuronal
differentiation
NCSCs were cultured as described previously (8), har-
vested in stem cell growth medium and centrifuged
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at 200×g to collect cell pellets. Cell pellets were re-
suspended in neurosphere formation medium and
plated in non-coated (low adhesion) culture dishes.
For cholinergic neuronal differentiation, neurospheres
were transferred to a fibronectin-coated 6-well plate
with neurosphere formation medium. Following 24-
h culturing, during which neurospheres attached to
the surface of plate, medium was replaced with fresh
neurosphere formation medium. The next procedure
was divided into 3 stages. Stage 1: neurospheres were
cultured in neurosphere formation medium for a further
6 days, medium was changed on day 3, 1 mL of medium
was removed and 2 mL of freshly made medium was
added to each well during medium change. Stage 2:
neurosphere formation medium was removed from
each well, and 2 mL of fresh pre-cholinergic neuronal
differentiation medium was added to each well. Cells
were cultured in pre-cholinergic neuronal differentiation
medium for 12 days; medium was changed every
4 days; 1 mL of medium was removed and 2 mL of
fresh medium was added to each well during medium
change. Stage 3: pre-cholinergic neuronal differentiation
medium was removed from each well, and 2 mL of
fresh cholinergic neuronal differentiation medium was
added to each well. Cells were cultured in cholinergic
neuronal differentiation medium for 12 days; medium
was changed every 4 days; 1 mL of medium was removed
and 2 mL of fresh medium was added to each well during
medium change.

ABX treatment
Medium was removed; fresh cholinergic neuronal differ-
entiation medium supplemented with 10 μM ABX was
added to each well (2 mL/well, 6-well plate); medium was
changed every 48 h. Treatment lasted for 6 days. Con-
trol cells were treated with vehicle (dimethyl sulfoxide,
DMSO) instead of ABX.

GCase enzyme activity assays
Cell pellets were lysed with 1% Triton X-100 in PBS.
GCase activity was determined in cell lysates of ∼1 μg
protein as previously reported (7). Enzyme activities were
calculated by subtracting the background fluorescence
from the mean fluorescence measured for a given cell
lysate and then divided by the standard to calculate the
activity in nmol/h/ml. This result was then divided by the
total protein concentration, as determined using bicin-
choninic acid assay method, to calculate the enzymatic
activity in nmol/h/mg.

Immunochemistry
Cells were washed twice with phosphate-buffered
saline (PBS), each wash lasting 5 min. Cells were fixed
with 4% paraformaldehyde in PBS for 15 min at room
temperature and subsequently permeabilized with 0.25%
Triton X-100 in PBS for 15 min. Following three PBS
washes, cells were blocked with 10% goat serum in
PBS for 30 min and incubated with primary antibodies

(Supplementary Material, Table SS1) overnight at 4◦C.
The appropriate secondary antibodies conjugated with
Alexa Fluor-448 or Alexa Fluor-568 (Invitrogen) were
used to visualize the immunoreactive cells. Nuclei were
stained with DAPI.

Immunoblotting
Cells were harvested, washed with PBS and processed as
previously described (8). Primary antibodies are given in
Supplementary Material, Table S1.

BrdU incorporation assay
Neurospheres floating on glass coverslips were cultured
with 10 μM 5-bromo-2′-deoxyuridine (BrdU) for 4 h.
Detection of incorporated BrdU was carried out with
the 5-bromo-2′-deoxyuridine labelling and detection
Kit I (Roche/Sigma-Aldrich) as recommended by the
supplier. Co-staining with additional primary antibod-
ies (Supplementary Material, Table S1) was performed
during the anti-BrdU antibody incubation step. Samples
were incubated with appropriate Alexa Fluor 488- and
Alexa Fluor 594-conjugated secondary antibodies and
further processed for immunocytochemistry.

Intracellular Ca 2+ imaging
To evaluate transient intracellular Ca2+ concentrations,
cells cultured in 35-mm μ-dishes with a glass bottom
(Ibidi) were loaded for 30 min at room temperature with
5 μM Fluo-4 AM (Thermo Fisher Scientific) and 0.02%
pluronic acid in Krebs-Ringer modified buffer composed
of 135 mM NaCl, 5 mM KCl, 2 mM MgSO4, 1.25 mM
KH2PO4, 1 mM CaCl2, 10 mM glucose and 10 mM HEPES
(pH 7.4). Prior to fluorescence measurements, cells were
washed and incubated in indicator-free medium for a
further 30 min. Fluorescent signals were recorded with
a Nikon Eclipse Ti-E inverted confocal laser-scanning
microscope, equipped with a × 10 objective. Cells were
stimulated with 10 μM l-glutamate, 20 μM dopamine
and 5 μM ionomycin. Imaging data were collected with
NIS-Elements software (Nikon). For the measurements,
single cells were selected with Image J software (National
Institutes of Health) and the green fluorescent signal was
plotted against time.

Statistical analysis
Data are expressed as mean ± SEM. Statistical signif-
icance between groups was determined by one-way
ANOVA followed by a two-tailed t-test. A P-value of <0.05
was considered as significantly different. All data were
analysed by GraphPad Prism 6 statistical software.

Supplementary Material
Supplementary Material is available at HMG online.

Conflict of Interest statement. None.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac038#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac038#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac038#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac038#supplementary-data


2404 | Human Molecular Genetics, 2022, Vol. 31, No. 14

Funding
JPND through the MRC (grant code MR/T046007/1) and
Parkinson’s UK (grant G-1704). A.H.V.S. is supported by
the UCLH NIH BRC.

Authors’ Contributions
S.Y.Y. and A.H.V.S. designed the research; S.Y.Y. and J.-
W.T. performed the experiments; all authors participated
in data analysis; all authors participated in manuscript
drafting and revision. A.H.V.S. supervised the project.

References

1. Braak, H., Del Tredici, K., Bratzke, H., Hamm-Clement, J.,
Sandmann-Keil, D. and Rub, U. (2002) Staging of the intracerebral
inclusion body pathology associated with idiopathic Parkinson’s
disease (preclinical and clinical stages). J. Neurol., 249, III/1–III/5.

2. Bohnen, N.I., Albin, R.L., Muller, M.L., Petrou, M., Kotagal,
V., Koeppe, R.A., Scott, P.J.H. and Frey, K.A. (2015) Frequency
of cholinergic and caudate nucleus dopaminergic deficits
across the predemented cognitive spectrum of Parkinson dis-
ease and evidence of interaction effects. JAMA Neurol., 72,
194–200.

3. Schapira, A.H.V., Chaudhuri, K.R. and Jenner, P. (2017) Non-
motor features of Parkinson disease. Nat. Rev. Neurosci., 18,
509.

4. Sidransky, E., Nalls, M.A., Aasly, J.O., Aharon-Peretz, J., Annesi,
G., Barbosa, E.R., Bar-Shira, A., Berg, D., Bras, J., Brice, A. et al.
(2009) Multicenter analysis of glucocerebrosidase mutations in
Parkinson’s disease. N. Engl. J. Med., 361, 1651–1661.

5. Clark, L.N., Kartsaklis, L.A., Wolf Gilbert, R., Dorado, B., Ross, B.M.,
Kisselev, S., Verbitsky, M., Mejia-Santana, H., Cote, L.J., Andrews,
H. et al. (2009) Association of glucocerebrosidase mutations with
dementia with Lewy bodies. Arch. Neurol., 66, 578–583.

6. Alcalay, R.N., Caccappolo, E., Mejia-Santana, H., Tang, M., Rosado,
L., Orbe Reilly, M., Ruiz, D., Ross, B., Verbitsky, M., Kisselev,
S. et al. (2012) Cognitive performance of GBA mutation car-
riers with early-onset PD: the CORE-PD study. Neurology, 78,
1434–1440.

7. Gegg, M.E., Burke, D., Heales, S.J.R., Cooper, J.M., Hardy, J., Wood,
N.W. and Schapira, A.H.V. (2012) Glucocerebrosidase deficiency
in substantia nigra of Parkinson disease brains. Ann. Neurol., 72,
455–463.

8. Yang, S.Y., Beavan, M., Chau, K.Y., Taanman, J.-W. and Schapira,
A.H.V. (2017) A human neural crest stem cell-derived dopamin-
ergic neuronal model recapitulates biochemical abnormalities
in GBA1 mutation carriers. Stem Cell Reports., 8, 728–742.

9. Kondo, T., Asai, M., Tsukita, K., Kutoku, Y., Ohsawa, Y., Sunada, Y.,
Imamura, K., Egawa, N., Yahata, N., Okita, K. et al. (2013) Modeling
Alzheimer’s disease with iPSCs reveals stress phenotypes associ-
ated with intracellular Aβ and differential drug responsiveness.
Cell Stem Cell, 12, 487–496.

10. Muratore, C.R., Rice, H.C., Srikanth, P., Callahan, D.G., Shin, T.,
Benjamin, L.N.P., Walsh, D.M., Selkoe, D.J. and Young-Pearse,
T.L. (2014) The familial Alzheimer’s disease APPV717I mutation
alters APP processing and tau expression in iPSC-derived neu-
rons. Hum. Mol. Genet., 23, 3523–3536.

11. Israel, M.A., Yuan, S.H., Bardy, C., Reyna, S.M., Mu, Y., Herrera, C.,
Hefferan, M.P., Van Gorp, S., Nazor, K.L., Boscolo, F.S. et al. (2012)

Probing sporadic and familial Alzheimer’s disease using induced
pluripotent stem cells. Nature, 482, 216–220.

12. Maegawa, G.H., Tropak, M.B., Buttner, J.D., Rigat, B.A., Fuller, M.,
Pandit, D., Tang, L., Kornhaber, G.J., Hamuro, Y., Clarke, J.T.R. et al.
(2009) Identification and characterization of ambroxol as an
enzyme enhancement agent for Gaucher disease. J. Biol. Chem.,
284, 23502–23516.

13. Sanchez-Martinez, A., Beavan, M., Gegg, M.E., Chau, K.Y., Whit-
worth, A.J. and Schapira, A.H.V. (2016) Parkinson disease-linked
GBA mutation effects reversed by molecular chaperones in
human cell and fly models. Sci. Rep., 6, 31380.

14. Kopytova, A.E., Rychkov, G.N., Nikolaev, M.A., Baydakova, G.V.,
Cheblokov, A.A., Senkevich, K.A., Bogdanova, D.A., Bolshakova,
O.I., Miliukhina, I.V., Bezrukikh, V.A. et al. (2021) Ambroxol
increases glucocerebrosidase (GCase) activity and restores
GCase translocation in primary patient-derived macrophages in
Gaucher disease and parkinsonism. Parkinsonism Relat. Disord.,
84, 112–121.

15. Serbedzija, G.N., Fraser, S.E. and Bronner-Fraser, M. (1990) Path-
ways of trunk neural crest cell migration in the mouse embryo
as revealed by vital dye labelling. Development, 108, 605–612.

16. Brauer, P.R., Kim, J.H., Ochoa, H.J., Stratton, E.R., Black, K.M.,
Rosencrans, W., Stacey, E. and Hagos, E.G. (2018) Krüppel-like
factor 4 mediates cellular migration and invasion by altering
RhoA activity. Cell Commun. Adhes., 24, 1–10.

17. Bissonnette, C.J., Lyass, L., Bhattacharyya, B.J., Belmadani, A.,
Miller, R.J. and Kessler, J.A. (2011) The controlled generation
of functional basal forebrain cholinergic neurons from human
embryonic stem cells. Stem Cells, 29, 802–811.

18. Nilbratt, M., Porras, O., Marutle, A., Hovatta, O. and Nordberg, A.
(2010) Neurotrophic factors promote cholinergic differentiation
in human embryonic stem cell-derived neurons. J. Cell. Mol. Med.,
14, 1476–1484.

19. Hu, Y., Qu, Z.Y., Cao, S.Y., Li, Q., Ma, L., Krencik, R., Xu, M. and Liu,
Y. (2016) Directed differentiation of basal forebrain cholinergic
neurons from human pluripotent stem cells. J. Neurosci. Methods,
266, 42–49.

20. Erickson, J.D. and Varoqui, H. (2000) Molecular analysis of vesic-
ular amine transporter function and targeting to secretory
organelles. FASEB J., 14, 2450–2458.

21. Ferreira-Vieira, T.H., Guimaraes, I.M., Silva, F.R. and Ribeiro, F.M.
(2016) Alzheimer’s disease: targeting the cholinergic system.
Curr. Neuropharmacol., 14, 101–115.

22. Yue, W., Li, Y., Zhang, T., Jiang, M., Qian, Y., Zhang, M., Sheng,
N., Feng, S., Tang, K., Yu, X. et al. (2015) ESC-derived basal fore-
brain cholinergic neurons ameliorate the cognitive symptoms
associated with Alzheimer’s disease in mouse models. Stem Cell
Reports., 5, 776–790.

23. Nelson, A.B., Hammack, N., Yang, C.F., Shah, N.M., Seal, R.P. and
Kreitzer, A.C. (2014) Striatal cholinergic interneurons drive GABA
release from dopamine terminals. Neuron, 82, 63–70.

24. Gras, C., Herzog, E., Bellenchi, G.C., Bernard, V., Ravassard, P.,
Pohl, M., Gasnier, B., Giros, B. and El Mestikawy, S. (2002) A third
vesicular glutamate transporter expressed by cholinergic and
serotoninergic neurons. J. Neurosci., 22, 5442–5451.

25. Herzog, E., Gilchrist, J., Gras, C., Muzerelle, A., Ravassard, P., Giros,
B., Gaspar, P. and El Mestikawy, S. (2004) Localization of VGLUT3,
the vesicular glutamate transporter type 3, in the rat brain.
Neuroscience, 123, 983–1002.

26. Drubin, D.G. and Kirschner, M.W. (1986) Tau protein function in
living cells. J. Cell Biol., 103, 2739–2746.

27. Smith, C., Malek, N., Grosset, K., Cullen, B., Gentleman, S. and
Grosset, D.G. (2019) Neuropathology of dementia in patients with



Human Molecular Genetics, 2022, Vol. 31, No. 14 | 2405

Parkinson’s disease: a systematic review of autopsy studies. J.
Neurosurg Psychiatry, 90, 1234–1243.

28. Goris, A., Williams-Gray, C.H., Clark, G.R., Foltynie, T., Lewis, S.J.,
Brown, J., Ban, M., Spillantini, M.G., Compston, A., Burn, D.J., Chin-
nery, P.F. et al. (2007) Tau and alpha-synuclein in susceptibility to,
and dementia in, Parkinson’s disease. Ann. Neurol., 62, 145–153.

29. Yang, S.Y., Gegg, M., Chau, D. and Schapira, A. (2020) Gluco-
cerebrosidase activity, cathepsin D and monomeric α-synuclein
interactions in a stem cell derived neuronal model of a PD
associated GBA1 mutation. Neurobiol. Dis., 134, 104620.

30. McNeill, A., Magalhaes, J., Shen, C., Chau, K.Y., Hughes, D.,
Mehta, A., Foltynie, T., Cooper, J.M., Abramov, A.Y., Gegg, M. et al.
(2014) Ambroxol improves lysosomal biochemistry in glucocere-
brosidase mutation-linked Parkinson disease cells. Brain, 137,
1481–1495.

31. Setó-Salvia, N., Pagonabarraga, J., Houlden, H., Pascual-Sedano,
B., Dols-Icardo, O., Tucci, A., Paisán-Ruiz, C., Campolongo, A.,
Antón-Aguirre, S., Martín, I. et al. (2012) Glucocerebrosidase
mutations confer a greater risk of dementia during Parkinson’s
disease course. Mov. Disord., 27, 393–399.

32. Winder-Rhodes, S.E., Evans, J.R., Ban, M., Mason, S.L., Williams-
Gray, C.H., Foltynie, T., Duran, R., Mencacci, N.E., Sawcer, S.J. and
Barker, R.A. (2013) Glucocerebrosidase mutations influence the
natural history of Parkinson’s disease in a community-based
incident cohort. Brain, 136, 392–399.

33. Chahine, L.M., Qiang, J., Ashbridge, E., Minger, J., Yearout, D., Horn,
S., Colcher, A., Hurtig, H.I., Lee, V.M.-Y., Van Deerlin, V.M. et al.
(2013) Clinical and biochemical differences in patients having
Parkinson disease with vs without GBA mutations. JAMA Neurol.,
70, 852–858.

34. Bandyopadhyay, U., Sridhar, S., Kaushik, S., Kiffin, R. and Cuervo,
A.M. (2010) Identification of regulators of chaperone-mediated
autophagy. Mol. Cell, 39, 535–547.

35. Di Domenico, F., Coccia, R., Cocciolo, A., Murphy, M.P., Cenini, G.,
Head, E., Butterfield, D.A., Giorgi, A., Schinina, M.E., Mancuso,
C. et al. (2013) Impairment of proteostasis network in down
syndrome prior to the development of Alzheimer’s disease neu-
ropathology: redox proteomics analysis of the human brain.
Biochim. Biophys. Acta, 1832, 1249–1259.

36. Sevlever, D., Jiang, P. and Yen, S.H. (2008) Cathepsin D is the
main lysosomal enzyme involved in the degradation of alpha-
synuclein and generation of its carboxy-terminally truncated
species. Biochemistry, 47, 9678–9687.

37. Kenessey, A., Nacharaju, P., Ko, L.W. and Yen, S.H. (1997) Degra-
dation of tau by lysosomal enzyme cathepsin D: implication
for Alzheimer neurofibrillary degeneration. J. Neurochem., 69,
2026–2038.

38. Moors, T.E., Paciotti, S., Ingrassia, A., Quadri, M., Breedveld,
G., Tasegian, A., Chiasserini, D., Eusebi, P., Duran-Pacheco,
G., Kremer, T. et al. (2019) Characterization of brain lysoso-
mal activities in GBA-related and sporadic Parkinson’s dis-
ease and dementia with Lewy bodies. Mol. Neurobiol., 56,
1344–1355.

39. Blauwendraat, C., Reed, X., Krohn, L., Heilbron, K., Bandres-Ciga,
S., Tan, M., Gibbs, J.R., Hernandez, D.G., Kumaran, R., Langston,
R., Bonet-Ponce, L. et al. (2020) Genetic modifiers of risk and age
at onset in GBA associated Parkinson’s disease and Lewy body
dementia. Brain, 143, 234–248.

40. Munoz, S.S., Petersen, D., Marlet, F.R., Kucukkose, E. and Gal-
vagnion, C. (2021) The interplay between glucocerebrosidase, α-
synuclein and lipids in human models of Parkinson’s disease.
Biophys. Chem., 273, 106534.

41. Jiang, S. and Bhaskar, K. (2020) Degradation and transmis-
sion of tau by autophagic-endolysosomal networks and poten-
tial therapeutic targets for tauopathy. Front. Mol. Neurosci., 13,
586731.

42. Osellame, L.D., Rahim, A.A., Hargreaves, I.P., Gegg, M.E., Richard-
Londt, A., Brandner, S., Waddington, S.N., Schapira, A.H.V. and
Duchen, M.R. (2013) Mitochondria and quality control defects in
a mouse model of Gaucher disease–links to Parkinson’s disease.
Cell Metab., 17, 941–953.

43. Cilia, R., Tunesi, S., Marotta, G., Cereda, E., Siri, C., Tesei, S.,
Zecchinelli, A.L., Canesi, M., Mariani, C.B., Meucci, N. et al. (2016)
Survival and dementia in GBA-associated Parkinson’s disease:
the mutation matters. Ann. Neurol., 80, 662–673.

44. Sardi, S.P., Clarke, J., Viel, C., Chan, M., Tamsett, T.J., Tre-
leaven, C.M., Bu, J., Sweet, L., Passini, M.A., Dodge, J.C.
et al. (2013) Augmenting CNS glucocerebrosidase activity as
a therapeutic strategy for parkinsonism and other Gaucher-
related synucleinopathies. Proc. Natl. Acad. Sci. U. S. A., 110,
3537–3542.

45. Migdalska-Richards, A., Daly, L., Bezard, E. and Schapira, A.H.V.
(2016) Ambroxol effects in glucocerebrosidase and alpha-
synuclein transgenic mice. Ann. Neurol., 80, 766–775.

46. Magalhaes, J., Gegg, M.E., Migdalska-Richards, A. and Schapira,
A.H.V. (2018) Effects of ambroxol on the autophagy-lysosome
pathway and mitochondria in primary cortical neurons. Sci. Rep.,
8, 1385.

47. Mullin, S., Smith, L., Lee, K., D’Souza, G., Woodgate, P., Elflein,
J., Hällqvist, J., Toffoli, M., Streeter, A., Hosking, J. et al.
(2020) Ambroxol for the treatment of patients with Parkin-
son disease with and without glucocerebrosidase gene muta-
tions: a nonrandomized, noncontrolled trial. JAMA Neurol., 77,
427–434.


	 Ambroxol reverses tau and a-synuclein accumulation   in a cholinergic N370S GBA1 mutation model
	 Introduction
	 Results
	 Discussion
	 Materials and Methods
	 Supplementary Material
	 Funding
	 Authors' Contributions


