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Abstract

Lysosomes are acidic organelles that traffic throughout neurons delivering catabolic enzymes to distal regions
of the cell and maintaining degradative demands. Loss of function mutations in the gene GBA encoding the ly-
sosomal enzyme glucocerebrosidase (GCase) cause the lysosomal storage disorder Gaucher’s disease (GD)
and are the most common genetic risk factor for synucleinopathies like Parkinson’s disease (PD) and dementia
with Lewy bodies (DLB). GCase degrades the membrane lipid glucosylceramide (GlcCer) and mutations in
GBA, or inhibiting its activity, results in the accumulation of GlcCer and disturbs the composition of the lyso-
somal membrane. The lysosomal membrane serves as the platform to which intracellular trafficking complexes
are recruited and activated. Here, we investigated whether lysosomal trafficking in axons was altered by inhibi-
tion of GCase with the pharmacological agent Conduritol B Epoxide (CBE). Using live cell imaging in human
male induced pluripotent human stem cell (iPSC)-derived forebrain neurons, we demonstrated that lysosomal
transport was similar in both control and CBE-treated neurons. Furthermore, we tested whether lysosomal
rupture, a process implicated in various neurodegenerative disorders, was affected by inhibition of GCase.
Using L-leucyl-L-leucine methyl ester (LLOME) to induce lysosomal membrane damage and immunocytochem-
ical staining for markers of lysosomal rupture, we found no difference in susceptibility to rupture between con-
trol and CBE-treated neurons. These results suggest the loss of GCase activity does not contribute to
neurodegenerative disease by disrupting either lysosomal transport or rupture.
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Lysosomal trafficking is an integral process for the proper functioning and maintenance of neuronal axons
and synapses. Loss of function mutations in the lysosomal enzyme glucocerebrosidase (GCase) are impli-
cated in a number of neurodegenerative disorders. The mechanisms underlying how impairment of GCase
activity results in these pathogenic processes are not well understood. Here, we show that two processes
commonly implicated in various lysosome-related disorders, lysosomal transport and rupture, are unaf-
fected in human induced pluripotent human stem cell (iPSC)-derived forebrain neurons treated with
Conduritol B Epoxide (CBE), a pharmacological inhibitor of GCase. Thus, GCase dysfunction and the result-
\ing pathogenesis must be related to intraneuronal processes other than lysosomal transport and rupture. /
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Introduction

Lysosomes are acidic vesicles specializing in the degra-
dation of damaged cellular material, such as oxidized
macromolecules and defective organelles. The acidic in-
terior of lysosomes carries catabolic enzymes that break
down biological polymers, such as proteins, lipids, and
carbohydrates, into their monomeric components. In the
axon of neurons, lysosomes and other organelles such as
late endosomes or autophagosomes (collectively referred
to as lysosomes for simplicity), survey synapses in search
of damaged material, which they collect and prepare for deg-
radation. Lysosomal degradation of cargo initiates in synap-
ses, but degradative efficiency increases as they transport
toward the soma, where lysosomes are more acidic and nu-
merous providing greater degradative capacity (Lie et al.,
2021). Within the narrow confines of the axon, constitutive
disposal of damaged materials is a priority because they oth-
erwise block transport by accumulating into large deposits
that manifest as axonal varicosities; a known pathophysio-
logical marker seen in multiple neurologic disorders (Lee et
al., 2011; Gowrishankar et al., 2015). Dysfunction in the
trafficking of lysosomal cargo essential to fulfill degradative
demands contributes to the pathogenesis of major neuro-
degenerative disorders such as Gaucher’s disease (GD)
and Parkinson’s disease (PD; Wong and Krainc, 2016).
Lysosomal membrane composition, which is altered in GD
and other lysosomal disorders (Hein et al., 2008, 2017;
Fuller and Futerman, 2018), influences lysosomal traffick-
ing by regulating the recruitment of motor proteins and
their adaptors (Appelqvist et al., 2011; Wong and Krainc,
2016). For example, membrane cholesterol influences vesi-
cle transport by tuning the inhibitory effect of the micro-
tubule-associated protein tau on kinesin cargo binding
(Q. Li et al., 2023). Lipid dyshomeostasis can drive dys-
function in motor protein recruitment or perturbations in
lysosomal membrane integrity. Impairment of either of
these processes could compromise lysosomal axonal
transport to cause a decline in axonal and synaptic proteo-
stasis, thereby contributing to the pathogenesis of various
neurodegenerative diseases.

Glucocerebrosidase (GCase) is a lysosomal enzyme
encoded by the GBA gene. The principal function of
GCase is to catalyze the degradation of the glycosphin-
golipid (GSL) glucosylceramide (GlcCer) into glucose
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and ceramide. GSLs are glycolipids that are abundant
within the brain and found within the cellular membrane.
Homozygous loss of function mutations in GBA cause
the lysosomal storage disorder GD (Montfort et al.,
2004; Hruska et al., 2008), but carrying a single mutant
allele is also a major risk factor for a group of neurode-
generative disorders termed synucleinopathies (Lwin et
al., 2004; Alcalay et al., 2014; Shiner et al., 2021), which
includes PD and dementia with Lewy bodies (DLB). The
mechanisms by which GBA mutations cause or promote
neurodegenerative disease remain poorly understood but
may be related to the lysosomal accumulation of its sub-
strate GlcCer, and its deacetylated derivative glucosylsphin-
gosine (GlcSph; Lunghi et al., 2022; Navarro-Romero et al.,
2022). Alternative pathogenic mechanisms of GBA muta-
tions are reviewed elsewhere (Gegg et al., 2022). The mem-
branous accumulation of GlcCer and GlcSph may disrupt
axonal transport dynamics, for example, by interfering with
motor-membrane interactions or increasing the permeability
of lysosomes and promoting rupture. Such a potential effect
is precedented in Niemann Pick type C, where accumulation
of cholesterol within the lysosomal membrane impairs axo-
nal trafficking of these organelles (Roney et al., 2021). Thus,
mutations or catalytic inhibition of GCase may contribute to
neural dysfunction by interfering with lysosomal trafficking,
a hypothesis that has not yet been examined. Conduritol B
Epoxide (CBE) is a pharmacological agent that acts by se-
lectively inactivating GCase by forming a covalent adduct
with the catalytic residues of this enzyme, leading to a com-
plete loss of function (Shou-jun et al., 1985). Accordingly,
CBE is a useful tool to study the link between GCase in both
GD and PD (Mus et al., 2019; Henderson et al., 2020).
Notably, repeated administration of CBE to mice phenocop-
ies GD (Vardi et al., 2016) and has been used to explore the
link between GCase and PD (Mus et al., 2019; Henderson et
al., 2020) showing in several cases concordance between
genetic malfunction of GCase and its pharmacological an-
tagonism (Farfel-Becker et al., 2019).

In this study, we show that pharmacological inhibition
of GCase using CBE in induced pluripotent human stem
cell (iPSC)-derived forebrain neurons has no effect on the
transport of lysosomes throughout the axon. Thus, we hy-
pothesized that other factors related to lysosomal mem-
brane composition, such as lysosomal rupture, may be
influenced by inhibition of GCase. We performed biochemi-
cal assays to assess whether pharmacological inhibition of
GCase in neural progenitor cells (NPC), or iPSC-derived
forebrain neurons affected this parameter. We found that ly-
sosomal rupture was unaffected. Further studies will be re-
quired to precisely define the pathways by which inhibition
or dysfunction of GCase contributes mechanistically to lyso-
somal-related neuronal dysfunction.

Materials and Methods

Differentiation and cell culture of iPSC-derived
neurons and expression of transgenes

iPSCs (gift of F. Lynn, University of British Columbia)
from a healthy male donor were plated onto Matrigel
(Corning, 354277) coated plates and cultured in mTeSR
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Plus (STEMCELL Technologies, 100-0276). iPSCs were differ-
entiated into NPCs according to protocols from STEMCELL
Technologies. Briefly, iPSCs were passaged into STEMdiff
Neural Induction Media + SMADi (STEMCELL Technologies,
08581) and 10 um ROCK inhibitor Y-27 632 (STEMCELL
Technologies, 72302) for 6 d with daily media exchanges.
Neural Progenitor Cells were plated onto Matrigel coated
plates and cultured in NPC Complete Media (STEMCELL
Technologies, 05833) for up to eight passages. For differ-
entiation into neurons, NPCs were passaged onto Poly-L-
Ornithine (PLO; Sigma, A-004-C) and Laminin (Sigma,
L2020) coated plates in NPC Forebrain Differentiation Media
(STEMCELL Technologies, 08600) for 5 d. Differentiated
NPCs were passaged onto PLO/Laminin coated coverslips
in 12-well plates in Forebrain Neuron Maturation Media
(STEMCELL Technologies, 08,605). During maturation, neu-
rons received half media exchanges every 3 d and were
used for experiments on day 30 of maturation. For each in-
dependent experiment, a new vial of NPCs was thawed and
used for differentiation into terminally differentiated neurons.
Transfections were conducted on neurons at 54 d in vitro
(DIV) using EndoFectin (GeneCopoeia, EF013). For each
coverslip, 0.5 ug of DNA was added to 60 ul of OptiMEM
(ThermoFisher, 31985062) + 2.5 pl of EndoFectin and incu-
bated for 20min. Cell medium was replaced with 500-pl
OptiMEM and the transfection mixture was added dropwise
to each well. After a 1-h incubation, the transfection mixture
was removed and reserved media returned. Transgenes
were allowed 24-48 h to express before live-cell imaging.

CBE and GCase activity assay

The GCase inhibitor Conduritol B Epoxide (CBE; Cayman
Chemicals, 6090-95-5) was reconstituted at 3 mm in dH,O
and stored at —80°C until use. On day 20 of neuronal matu-
ration, the medium was supplemented with 100 um CBE
that was replenished every 3 d with media exchanges. A
CBE dose of 100 um was used because it is sufficient for
complete GCase inhibition and causes GlcCer accumulation
(Korkotian et al., 1999; Henderson et al., 2020). After 10d of
CBE treatment, neurons were washed with PBS and treated
with the GCase substrate LysoFQ-GBA (Deen et al., 2022)
at 5 um for 1 h. The neurons were washed two times for 3
min each in PBS containing the GCase inhibitor AT3375
(Deen et al., 2022) and mounted into live-cell imaging cham-
bers for fluorescence microscopy.

Live cell imaging and fluorescence microscopy

For live-cell imaging, iPSC-derived neurons were mounted
in a heated chamber and imaged using a wide-field fluores-
cence microscope (DMI, 6000B Leica) equipped with a CCD
camera (Hamamatsu Orca-ER-1394). Neurons were im-
aged in prewarmed BrainPhys Imaging Optimized Media
(STEMCELL Technologies, 05790) with a 63x/1.40 lens
using immersion oil (Cargille; type DF, 16242). As previ-
ously performed (Gan et al., 2020), axons were initially
identified based on morphology and imaged ~150-
200 um from the cell body. Subsequently, a sample of
cells were immunostained after live imaging to retro-
spectively confirm axon identity either by colocalization
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with Tau (1:500, ThermoFisher, AHB0042), an axonal pro-
tein, or absence of MAP2 (1:700, Sigma, AB5622), a dendri-
tic cytoskeletal protein. In order to determine the orientation
of the cell body relative to the axon, and thus to distinguish
between anterograde and retrograde transport events, only
visually isolated axons were imaged. Movies were acquired
in MetaMorph (Molecular Devices). For LAMP1-eGFP traf-
ficking dynamics [gift of G. Banker (retired), Oregon Health
and Sciences University], frames were acquired at 0.75-s
intervals (1.25 frames/s) for 120 s. For MTS-dsRed?2 (gift of
G. Rintoul, Simon Fraser University) trafficking dynamics,
frames were acquired at 2-s intervals (0.5 frames/s) for 3
min. For LysoBrite imaging, neurons were treated for 5 min
in 1:5000 solution of LysoBrite (Cayman Chemical, 25157)
washed two times for 2 min each in imaging media, and im-
aged at 1-s intervals (one frame per second) for one and a
half minutes. Video analyses are described below.

For immunocytochemistry, images were acquired as 3-
um Z-stacks with 0.5-um intervals using either 40x or
63 x lens. For GFAP, LysoBrite, and LAMP1 intensity anal-
yses, random fields of view were acquired using the same
imaging parameters between coverslips.

LLoME assay

The lysosomotropic detergent L-Leucyl-L-Leucine
methyl ester (LLoME; Cayman Chemical, 16008) was
freshly prepared in PBS before use. NPCs were incu-
bated in 600 um LLOME in OptiMEM, or OptiMEM with-
out LLoOME, for 1 h. After, cells were washed twice with
PBS and incubated for 1 h in NPC complete media and
then fixed in 4% paraformaldehyde (PFA)+ 4% su-
crose for 15 min at 37°C. For LLOME recovery assays,
NPCs were fixed after 24 h.

Immunocytochemistry

Cells were fixed in 4% PFA + 4% sucrose for 15 min at 37°
C. Cells were permeabilized in 0.1% triton in PBS for 1 h. For
LAMP1, 0.1% saponin was added to all subsequent staining
steps. Cells were blocked for 1 h in 5% BSA/0.5% fish-skin
gelatin. Primary antibodies were diluted in blocking solution
at the following concentrations: mouse «-Nestin (1:1000,
STEMCELL Technologies, 60091), rabbit a-PAX6 (1:500,
Sigma, 030775), mouse «-SOX2 (1:200, Developmental
Studies Hybridoma Bank, PCRP-SOX2-1B3), mouse
a-LAMP1 (1:100, Developmental Studies Hybridoma
Bank, H4A3-s), rabbit a-GFAP (1:500, ThermoFisher,
PA1-10019), rabbit «-P62 (1:300, Sigma, P0067), rabbit
a-LC3B (1:300, Cell Signaling, 3868), rabbit a-MAP2 (1:700,
Sigma, AB5622), mouse a-PHF Tau (1:700, ThermoFisher,
MN1020), guinea pig a-SV2A (1:500, Synaptic Systems,
119004), and chicken «-Synapsin 1/2 (1:800, Synaptic
Systems, 106006). Cells were incubated in primary anti-
bodies at 4°C overnight and then washed three times for
5 min each in PBS. Cells were incubated in the species-
appropriate secondary antibodies for 1 h at room temperature:
a-rabbit Cy5 (1:800, Jackson ImmunoResearch, 711-175-
152), a-chicken Alexa 488 (1:800, Synaptic Systems, NO702-
At488-S), a-rabbit Cy3 (1:800, Jackson ImmunoResearch,
111-165-144), or a-Guinea Pig Cy5 (1:800, Jackson
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ImmunoResearch, 706-175-148). Cells were washed
for 10 min in 0.5 ug/ml 4',6-diamidino-2-phenylindole
(DAPI) in PBS for visualization of nuclei, and then
washed three times for 5 min each in PBS. Coverslips
were mounted onto glass slides using elvanol mount-
ing medium and imaged using widefield fluorescence
microscopy.

Image analysis

Trafficking videos were converted into kymographs and
analyzed using custom software (Kwinter and Silverman,
2009). Trafficking parameters, including flux, velocity, and
run length, were quantified for anterograde and retro-
grade events by manually tracing particle movements on
kymographs. To determine the percentage of stationary
vesicles that moved <5um over the course of the 90-s
videos, vesicles were manually counted. To analyze lyso-
somal density, all movement events and stationary lyso-
somes were summed and divided by the total length of
the kymograph for each video. Flux was defined as the
total distance traveled by a vesicle standardized by the
length and duration of each movie (in microminutes):

n
>_d
=1— where d are the individual vesicle run lengths, / is
the length of axon imaged and t is the duration of the
imaging session. A lysosomal punctum was defined as
undergoing a directed run if it traveled a distance of
>5um. This distance was determined as a safe estimate

of the limit of diffusion based on the assumption that root-

mean-squared displacement equals v2Dt, where D is the
diffusion coefficient (D =0.01 um?/s) and t is the duration
of the imaging period (t=50 s; Abney et al., 1999; Gan
and Silverman, 2016). A run was defined as terminating if
the vesicle remained in the same position for at least four
consecutive frames. Kymograph distances were cali-
brated to 630 x magnification (1 pixel = 0.160508 pm).

Images from LLOME assays were analyzed in ImagedJ
using the ComDet (v1.1.3) plugin. ComDet is an open-
source semi-automated puncta colocalization plugin that
uses automatic thresholding and segmentation capabil-
ities to measure puncta size, intensity, and colocalization
between color channels (https://github.com/ekatrukha/
CombDet). Briefly, images from the Texas Red channel
(LAMP1) were merged with images from the FITC channel
(P62 or LC3) producing a color stack. The Imaged plugin
Stack Focuser (https://imagej.nih.gov/ij/plugins/stack-
focuser.html) was used to generate focused Z-projected
images. Cells were outlined by hand using the ImageJ
“Region of Interest (ROI)” tool, and then analyzed using
the ImagedJ plugin ComDet. ComDet analysis parameters
(minimum size, colocalization maximum distance, and in-
tensity above background threshold) were identical be-
tween all images analyzed. p62 and LC3 puncta that did
not colocalize with LAMP1 were considered background
or artifacts and removed from the analysis.

Whole 63x field-of-view analysis of GCase substrate
signal and GFAP staining intensity was conducted in
MetaMorph. Z-stacks were projected into single planes
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using the Best Focus projection algorithm. A threshold of
3x background intensity was applied to images, and av-
erage pixel intensity, integrated pixel intensity, and total
pixel area were analyzed using Region Statistics in
MetaMorph. For GCase activity assays, the number of
cells per field of view was manually counted from corre-
sponding phase-contrast images.

Statistical analysis

All data were assembled and organized in Excel (Microsoft)
before importing into RStudio (RStudio) for analysis using
the statistical programming language R. Statistical differ-
ences between groups were analyzed by an unpaired
Student’s t test with equal or unequal variances at a 95%
confidence interval. All data are presented as mean =+
SEM with data points plotted in the background. For ly-
sosomal rupture experiments, we performed one-way
ANOVAs with Tukey’s post hoc tests, comparing control
and CBE-treated conditions within the same experiments.
A statistical table for all analyses is provided in Extended
Data Table 1-1.

Results

CBE inhibits GCase activity but does not affect axonal
transport of lysosomes

Using a small molecule-mediated differentiation proto-
col, iPSCs were differentiated into NPCs and ultimately
neurons over a course of 55d (Fig. 1A). iPSC identity was
confirmed by immunostaining of the pluripotency marker
OCT4. Differentiation of iPSCs to NPCs was confirmed by
immunostaining for expression of the markers Nestin,
PAX6, and SOX2 (Fig. 1C,D). Following differentiation and
maturation of NPCs to forebrain neurons, we conducted im-
munocytochemical staining for neuronal identity and polarity
markers including the dendritic and axonal markers MAP2
and tau, respectively, as well as the synaptic markers syn-
apsin and SV2. At day 55, neurons showed clear staining for
four maturation markers, MAP2, MAPT/tau, synapsin, and
SV2, confirming the generation of polarized neurons for sub-
sequent transport studies (Fig. 1E-G).

CBE is a well-characterized irreversible inhibitor of
GCase that is frequently used to pharmacologically model
acute GCase deficiency in vitro and in vivo (Prence et al.,
1996; Farfel-Becker et al., 2019). Before application in
downstream transport studies, we confirmed efficacy of CBE
in eliminating GCase activity within neurons. Neurons were
incubated with 100 um CBE, and on day 10, cultures were
treated with LysoFQ-GBA (Deen et al., 2022), a selective fluo-
rescence-quenched substrate of GCase that can be used to
quantify its activity within lysosomes of live cells, and imaged
via wide-field fluorescence microscopy (Fig. 2A,B; Extended
Data Table 1-1). A CBE dose of 100 um was used because it
is sufficient for complete GCase inhibition and causes GlcCer
accumulation (Korkotian et al., 1999; Henderson et al., 2020).
Cultures treated with CBE had significantly reduced LysoFQ-
GBA signal compared with control (p <0.001; Fig. 2C;
Extended Data Table 1-1). Consistent with established differ-
entiation protocols (STEMCELL Technologies), ~10% of the
culture consisted of astrocytes which was confirmed via
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Figure 1. Differentiating and characterizing iPSC-derived neurons. A, Timeline of iPSC culture and differentiation from day 0 (DO) to NPCs
by D20, and subsequent differentiation to forebrain NPCs (D25) and forebrain neurons (D55). B, iPSCs express the pluripotency marker
OCT4 (green). C, D, NPCs express the neural lineage markers NESTIN (green), PAX6 (red), and SOX2 (red). E, Differentiated neuron cultures
stained for tubulin (green). F, Terminally differentiated neurons express the presynaptic protein synapsin (green) and dendritic protein MAP2
(red). G, Terminally differentiated neurons express the axonal protein Tau (blue) and the presynaptic protein SV2 (green).

quantification of GFAP-positive astrocytes in control cul-
tures (data not shown). A common observation in models
of GCase deficiency is the activation of GFAP-positive as-
trocytes, indicated by GFAP upregulation (Niederkofler et
al., 2019; Aflaki et al., 2020; Pewzner-Jung et al., 2021).
To confirm that CBE affected GCase activity, we assessed
the staining intensity of GFAP-positive astrocytes following
a 10-d treatment with CBE. We found that GFAP staining
intensity was significantly upregulated in CBE-treated
cultures (p < 0.001; Fig. 2D,E; Extended Data Table 1-1),
consistent with other models of GCase deficiency (Aflaki
et al., 2020). The upregulation of GFAP staining intensity,
a marker of glial activation, supports CBE having expected
pharmacological effects in our cultured cell model.

The loss of GCase activity causes accumulation of
GlcCer within the membranes of organelles, particularly
lysosomes (Prence et al., 1996; Korkotian et al., 1999;
Hein et al., 2007). Because the lipid composition of
vesicles can affect their transport dynamics (Pathak and
Mallik, 2017), we investigated whether axonal transport
of lysosomes would be affected by CBE treatment.
Following a 10-d treatment with CBE, 54 DIV neurons
were transfected with LAMP1-GFP, a marker of lyso-
somes and predegradative lysosomal populations (late
endosomes and autophagosomes), and allowed to ex-
press this marker for 24 h before imaging. Movies were
captured from axons and converted into kymographs for
analysis of vesicle velocity, run length, flux, pause duration,
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and directionality (Fig. 3A,B; Extended Data Table 1-1;
Movie 1). LAMP1-GFP vesicles were abundant in the axon
and trafficked bidirectionally. All transport parameters exam-
ined were not statistically significant in either the anterograde
or retrograde direction compared with controls (Fig. 3C-E;
Extended Data Table 1-1). There was no bias in directionality,
consistent with previous reports (Klinman and Holzbaur,
2016), and a slight decrease in the velocity, run length, and
flux in the retrograde direction in CBE-treated neurons was
observed, but was not significant.

Although LAMP1 primarily localizes to mature lyso-
somes, it is also expressed in other vesicles including
late endosomes or trans-Golgi carrier vesicles (Lie et
al., 2021). Overall, ~20% of LAMP1 vesicles within the
axon colocalize with LysoTracker, a marker that pri-
marily stains mature lysosomes (Gowrishankar et al.,
2021). As GCase activity depends on an acidic pH,
trafficking dysfunction associated with its inhibition
may be restricted to mature lysosomes. It was possible that
the slight trend toward transport deficits noted above when
using LAMP1 as a marker may have been because of a prefer-
ential transport deficit in mature lysosomes that was obscured
by the breadth of LAMP1 staining. Therefore, to assess the
transport of mature lysosomes, we used LysoBrite, a variant of
LysoTracker that accumulates within the acidic lumen of ma-
ture lysosomes and is better suited for live-cell imaging of
transport dynamics because of its enhanced photostability
and brightness relative to GFP. Of note, although LysoBrite
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Figure 2. Validation of GCase inhibition with CBE. A, B, Relative to controls, 10-d CBE-treated neurons incubated with the GCase
substrate GBA1-FQ6 show negligible fluorescence activity. C, Relative fluorescence units (RFU) per cell. N =3 independent experi-
ments run in duplicate; Control, n=19 fields of view; CBE, n=21 fields of view. CBE treatment (100 um) significantly reduces
GCase activity relative to controls (*p < 0.0001; Extended Data Table 1-1). D, Tendays of 100 um CBE treatment significantly upre-
gulates the staining intensity of astrocytic marker GFAP compared with controls. E, Average GFAP staining intensity per field of
view. N =3 independent experiments run in duplicate; Control, n=112 fields of view; CBE, n=120 fields of view. Average GFAP
staining intensity per field of view is significantly increased in CBE-treated cultures (o < 0.0001; Extended Data Table 1-1).

and other pH sensitive dyes are more specific for lysosomes
than LAMP1-GFP, they also may label slightly acidic auto-
phagosomes or late endosomes. Neurons were plated on
coverslips and treated with CBE for 10d. 55 DIV neurons
were then stained with LysoBrite for analysis of trafficking
(Fig. 4A,B; Extended Data Table 1-1). Similar to LAMP1,
LysoBrite-stained vesicles showed no significant differ-
ence in CBE-treated neurons compared with controls in
any transport parameters in both anterograde and retro-
grade directions (Fig. 4C-E; Extended Data Table 1-1). A
slight, but not significant, bias in retrograde directionality of
vesicles was seen. These results collectively show that
axonal transport dynamics of mature lysosomes are not
significantly affected by CBE treatment.

CBE does not affect axonal transport of mitochondria
Notably, the loss of GCase activity causes mitochon-
drial dysfunction, where mitochondrial respiration, mor-
phology, and notably, mitochondrial-lysosomal contact
sites, are all altered by CBE treatment (Kim et al., 2021).

October 2023, 10(10) ENEURO.0079-23.2023

Similarly, GBA deletions and mutations also lead to defects
in mitochondrial respiration and morphology in neurons (H.
Li et al., 2019; Morén et al., 2019). Because alterations in
mitochondrial respiration influence mitochondrial transport
(Hollenbeck et al., 1985; Miller and Sheetz, 2004), we tested
whether mitochondrial transport would be disrupted by
CBE treatment. Neurons were treated for 10d with CBE
and the resulting 54 DIV neurons were transfected with
MTS-dsRed?2, a mitochondrial marker, and allowed to ex-
press this marker for 24 h before imaging. Mitochondrial
trafficking videos were acquired, converted to kymographs,
and analyzed (Fig. 5A,B8; Extended Data Table 1-1; Movie
2). The velocity, run length, and flux of the mitochondria in
control neurons were consistent with previous reports (Fig.
5C-E; Extended Data Table 1-1; Miller and Sheetz, 2004).
Furthermore, in both anterograde and retrograde directions,
no significant effect was seen in CBE-treated neurons
compared with controls in any of the transport parameters,
similar to what was observed for lysosomes. However, mito-
chondrial velocity and flux was slightly lower in CBE-treated
neurons as compared with controls in the retrograde direction,
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Figure 3. CBE does not affect axonal transport of LAMP1-GFP vesicles. 54 DIV neurons were transfected with the lysosome marker
LAMP1-GFP and imaged 24 h later. A, Still frames of a representative axon from a control video sampled at various time points
(Movie 1) and (B, C) representative kymographs from one control and one CBE-treated LAMP1-GFP video. Red arrows denote ret-
rograde; blue arrows denote anterograde. Videos were acquired at 1.5 frames/s for 120 s. D, E, Analysis of kymographs revealed
no significant effect of CBE treatment on transport parameters (N =4 independent experiments run in duplicate; Control, n=116
cells, 2080 transport events; CBE, n=109 cells, 2179 transport events, n.s. = nonsignificant, p > 0.05). F, Table of all measured

transport parameters (=SD) and Extended Data Table 1-1.

Control Distal

Proximal

Movie 1. Live imaging of axons showing LAMP1-eGFP trans-
port in control versus CBE-treated cells. 1.25 frames/s, 20-s re-
cording, playback: 1x real time. [View online]
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although the effect did not reach significance. These results
show that axonal transport dynamics of mitochondria are not
affected by CBE treatment.

CBE does not influence lysosomal rupturing

Lysosomal membrane rupture releases proteolytic en-
zymes causing nonspecific protein cleavage in the cytosol
and disruption of proteostasis. The effect of GCase inhibi-
tion on lysosomal rupture has not been examined, but
one study reported increased cytosolic activity of acid
phosphatase, a lysosomal enzyme, in dopamine neurons
of a GD mouse model, indicating increased lysosomal per-
meability and leakage (Soria et al., 2017). Additionally, lysoso-
mal rupture is affected by changes in lysosomal membrane
composition and lipid storage levels (Appelqvist et al., 2011;
Liu et al., 2020). Thus, we hypothesized that inhibition of
GCase would sensitize lysosomes to rupturing, which would
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Figure 4. CBE does not affect axonal transport of acidic vesicles. 55 DIV neurons were stained with LysoBrite and imaged live. A,
Still frames of one representative axon from a control condition transport video sample at various time points and (B, C) representa-
tive kymographs from one control and one CBE-treated LysoBrite transport video. Red arrows denote retrograde; blue arrows de-
note anterograde. Videos were acquired at one frame per second for 90 s. D, E, Analysis of kymographs revealed no significant
effect of CBE treatment on any transport parameter (N =3 independent experiments run in triplicate; Control, n=116 cells, 752
transport events; CBE, n=140 cells, 1180 transport events, n.s. = nonsignificant, p > 0.05). F, Table of all measured transport pa-

rameters (=SD) and Extended Data Table 1-1.

offer mechanistic insight into how loss of GCase activity
could promote pathogenesis in GBA-related disorders. To
perform these studies, we used LLOME, a lysosomotropic
molecule that, after endocytosis and transport into lyso-
somes, is cleaved by the pH-dependent enzyme cathepsin
C, converting it into a detergent that selectively permeabilizes
the lysosomal membrane. The resulting damaged lysosomes
become coated by the autophagic cargo adaptor p62, which
binds microtubule-associated protein 1A/1B light chain 3B
(LC3) on autophagosomes, causing the autophagic engulf-
ment of the lysosome and its degradation (lysophagy).
Immunocytochemical labeling of p62 and LC3 is routinely
used to selectively identify ruptured lysosomes (Otomo and
Yoshimori, 2017; Liu et al., 2020). NPCs were used in this
assay as when this was tested in neurons, no p62 and LC3
aggregates were seen (data not shown) possibly because of
limited cathepsin C expression in neurons (Fan et al., 2012), a
necessary prerequisite for cleavage and activation of LLoME.

October 2023, 10(10) ENEURO.0079-23.2023

NPCs were treated with CBE for 10d and a 1-h treatment of
600 um LLOME was performed before fixing, staining them
with p62, and LAMP1, and imaging; 600 um LLOME was
used, as previous studies conducted dose—response curves
to show that at this dosage submaximal lysosomal and auto-
phagic rupture is seen, with ~1000 um being a maximal dos-
age (Maejima et al., 2013; Eriksson et al., 2020). Images were
analyzed using the ImageJ plugin ComDet, to determine the
average intensity of p62 puncta and the percent of LAMP1
puncta that colocalized with p62 puncta. Although p62-posi-
tive LAMP1 vesicles were observed in cells from all LLoME-
treatment conditions, we found no significant difference in
the intensity of p62 puncta or the percentage of LAMP1
puncta that colocalize with p62 puncta between CBE-treated
NPCs and controls (Fig. 6A-F; Extended Data Table 1-1). As
confirmation, we performed another experiment using LC3
staining intensity as an indicator of lysosomal rupture, but
similarly did not observe any change in the intensity of LC3
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Figure 5. CBE does not affect axonal transport of mitochondria. 54 DIV neurons were transfected with mitochondrial marker MTS-
dsRed2 and imaged 24 h later. A and Movie 2, Still frames of a representative axon from a control condition video at various time
points and (B, C) representative kymographs from one control and one CBE-treated MTS-dsRed?2 video. Red arrows denote retro-
grade; blue arrows denote anterograde. Videos were acquired at 0.5 frames/s for 180 s. D, E, Analysis of kymographs revealed no
significant effect of CBE treatment on any transport parameter (N =3 independent experiments run in triplicate; Control, n =40, 437
transport events; CBE, n =35, 470 transport events, n.s. = nonsignificant, p > 0.05). F, Table of all measured transport parameters

(=SD) and Extended Data Table 1-1.

Control Distal

Proximal

-

4X real time

Movie 2. Live imaging of axons showing MTS-dsRed?2 transport
in control versus CBE-treated cells. 0.5 frames/s, 90-s record-
ing; playback: 4x real time. [View online]
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puncta or percent of LAMP1 puncta colocalizing with LC3
between conditions (Extended Data Fig. 1-1; Extended Data
Table 1-1). These results suggest that CBE treatment does
not alter the propensity of lysosomes to rupture following ap-
plication of LLoME.

Discussion

Though major efforts have been made and various pro-
posals advanced, the mechanisms by which GCase dys-
function promotes neurodegeneration remain ill-defined.
Here, through direct assessment of organelle trafficking at
high spatial and temporal resolution in iPSC-derived fore-
brain neurons, we demonstrate that CBE has no significant
effect on axonal lysosomal transport dynamics (Figs. 3, 4). A
slight, but not statistically significant, decrease in retrograde
transport dynamics was noted in CBE-treated neurons
(Figs. 3, 4). Additionally, mitochondrial-specific processes,
such as respiration, are affected by CBE-treatment which
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Figure 6. CBE does not influence lysosomal rupturing following LLOME treatment. CBE-treated NPCs and controls assessed for ly-
sosomal rupture events by staining for LAMP1 (top, red) and p62 (middle, green), and colocalized (bottom). A, B, In the absence of
LLoME, neither CBE nor control NPCs develop p62-positive lysosomes. C, D, Following treatment of 600 um LLoME for 1 h, p62
puncta form in both CBE and control conditions. E, p62-positive puncta colocalizing with LAMP1 puncta were analyzed using the
Imaged plugin ComDet, revealing no significant difference in puncta relative fluorescence units (RFU) per cell. F, The percent of
LAMP1 positive puncta that colocalized with p62 puncta, indicating lysosomal rupture, per cell were analyzed using ComDet. There
was no significant difference in the percent ruptured lysosomes per cell between controls and CBE-treated NPCs (N =3 independ-
ent experiments run in duplicate; Control +LLoME, n =257 cells; Control —LLoME, n =91 cells; CBE +LLoME, n=201 cells; CBE

—LLoME, n=91 cells; Extended Data Table 1-1).

we reasoned may in turn affect transport dynamics. We
found, however, no significant difference in transport dy-
namics of mitochondria in CBE-treated neurons (Fig. 5).
Finally, rupture of lysosomes is another process affected
by changes in lysosomal membrane composition. As such,
we used an in vitro biochemical LLOME assay to assess
changes in susceptibility to rupture in CBE-treated NPCs.
Again, we observed no significant changes between condi-
tions (Fig. 6). From these findings, we conclude that GCase
inhibition via CBE-treatment likely does not affect the vari-
ous lysosomal processes of transport and rupture.

Reports on the effects of GCase deficiency on lysoso-
mal processes are at times contradictory (Dermentzaki et
al.,, 2013; Bae et al., 2015). These discrepancies likely
arise because of the various methods in which GCase de-
ficiency is modeled in a variety of different systems, in-
cluding using various GBA mutations, GBA knock-outs,
and pharmacological inhibition of GCase via CBE in vary-
ing cell types and animal models (Taguchi et al., 2017;
Henderson et al., 2020). Furthermore, pharmacological in-
hibition of CBE, as used in this study, has been applied at
different dosages and durations leading to varying results
when assessing lysosomal function. Here, we used a con-
servative dosage and duration (100 um for 10d), which is

October 2023, 10(10) ENEURO.0079-23.2023

sufficient for GCase inhibition and GlcCer accumulation in
neuronal cultures (Korkotian et al., 1999; Henderson et al.,
2020). Notably, higher doses of CBE causes inhibition of
additional enzymes including GBA2, acid a-glucosidase,
B-glucuronidase, and consequently causes various off-
target effects (Kuo et al., 2019). Given these dynamics, we
predict that longer CBE treatment regiments (~30-40d)
could sufficiently alter membrane composition to impinge
on transport dynamics, but the physiological relevance of
such a treatment is questionable.

Although we found no significant differences in lysoso-
mal and mitochondrial transport between conditions, inter-
estingly, LAMP1-GFP labeled vesicles did show a slight
reduction in retrograde transport when compared with
LysoBrite labeled vesicles (Figs. 3, 4). This suggests that
transport deficiencies may be limited to predegradative
subpopulations of LAMP1 positive structures, such as late
endosomes or late autophagosomes. Mechanistically, this
could be a consequence of GlcCer accumulation as, in GD
cell lines, lysosomal GlcCer spills over into endosomal
compartments (Hein et al., 2007). Further, the effect of
GilcCer on vesicle membrane fluidity, a biophysical property
known to influence transport efficacy (Grover et al., 2016), is
dependent on vesicle pH. GlcCer promotes membrane
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rigidity at neutral pH, but membrane fluidity and tubulation
at acidic pH (Varela et al., 2016). These pH-dependent prop-
erties of GlcCer could interfere with motor protein attach-
ment or regulation on preacidic endosomes, where GlcCer
levels are normally low, but not mature acidic lysosomes.

Lysosomal rupturing is another important pathogenic pro-
cess in models of synucleinopathies that depends on lyso-
somal membrane composition (Appelqvist et al., 2011; Liu
et al., 2020). However, we saw no significant change in lyso-
somal rupture between conditions in our model (Fig. 6). The
prion-like spread of a-synuclein, a key process in disease
progression of synucleinopathies, is dependent on lysoso-
mal rupture in certain models of disease (Jiang et al., 2017).
Cells collect and sequester a-synuclein oligomers into lyso-
somes where the acidic environment stabilizes their oligo-
meric conformation (Stephens et al., 2019). Subsequently,
oligomers induce the permeabilization and lysis of lyso-
somal membranes, enabling their escape and prion-like
spread between neurons (Karpowicz et al., 2017). It is
possible that within our model, no change in permeability
was observed between conditions because GCase has a
noncatalytic role in disease. For example, GBA interacts
with a-synuclein as a folding chaperone independently
of catalytic activity (Yap et al., 2011), and additional
pathogenic factors, such as the presence of a-synuclein
oligomers or aggregates, are likely required for acute ly-
sosomal dysfunction in neurons. Supporting this notion,
CBE treatment of cultured neurons enhances the aggre-
gation of exogenous a-synuclein oligomers, but does
not induce the aggregation of endogenous a-synuclein
(Henderson et al., 2020). GCase deficiency may there-
fore indirectly exacerbate lysosomal dysfunctions like in-
creased permeability or transport efficiency, but only as
a secondary consequence of an existing pathology such
as a-synuclein aggregation.

GCase deficiency stimulated by CBE-treatment did not
result in any significant change in any of the lysosomal
processes assayed. Although the absence of lysosomal
dysfunction following CBE treatment is both supported
and refuted in the literature, it is possible that GCase defi-
ciency alone is not sufficient to recreate disease conditions in
certain cellular and animal models. Future studies on GCase
deficiency should investigate whether lysosomal parameters
are affected in more physiologically representative models of
disease, such as neuronal models that incorporate key prox-
ies of synucleinopathies (e.g., a-synuclein oligomers, SNCA
mutations, or microglial inflammation). Additionally, experi-
mental conditions could be adjusted to more accurately rep-
resent disease parameters such as neuronal-microglial
co-cultures, the use of purified populations of dopami-
nergic neurons, or iPSC cell lines with deletions or dis-
ease-causing mutations in GBA.
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