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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 lysosomal enzyme glucocerebrosidase (GBA) cause the

lysosomal storage disorder Gaucher’s Disease and are a risk factor for synucleinopathies

like Parkinson’s Disease and Dementia with Lewy Bodies. GBA degrades the membrane

lipid glucosylceramide, but mutations in GBA, or its catalytic inhibition, cause the

accumulation of glucosylceramide and disturb the composition of the lysosomal

membrane. Because the lysosomal membrane serves as the platform to which

intracellular trafficking complexes are recruited and activated, I investigated if inhibition

of GCase activity with Conduritol B Epoxide (CBE) interfered with lysosomal trafficking

in axons. In human iPSC-derived neurons treated with CBE, lysosomal transport

dynamics, lysosomal rupture, and exocytosis, were unaffected. These results suggest the

loss of GCase activity does not contribute to neurodegenerative disease by disrupting

these lysosomal processes.

Keywords: Axonal transport; iPSC-derived neurons; lysosomes; GBA, Parkinson’s

Disease; Gaucher’s Disease
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Chapter 1.

1.1. Introduction

Neurons are highly specialized cells responsible for generating and transmitting

electrical activity in the brain. Emerging from the neuron’s soma, or cell body, are two

types of projections, dendrites and axons. Dendrites are relatively short and function to

receive signals from other neurons. In contrast, axons are morphologically extreme

projections that communicate with other neurons over vast anatomical distances with

electrical impulses. The transmission of electrical activity triggers neurochemical

signaling between neurons at structures called synapses. By releasing neurotransmitters,

synapses convert electrical impulses into chemical signals to influence the activity of

other neurons, an event that expends large amounts of energy and generates cellular

waste. Maintaining synapses and the extreme length of axon supplying them imposes an

extraordinary challenge as the majority of a neuron's biosynthetic and degradative

capabilities are restricted to the soma. To support axons and synapses with new material,

and remove their metabolic waste, neurons have evolved efficient mechanisms of axonal

transport.

Axons are immensely busy compartments crowded with vesicles trafficking

between synapses and the soma. Axons generally lack the organelles and machinery

necessary to produce new protein or membrane, and these components are instead

packaged in vesicles and imported into the axon after synthesis in the soma. Various

types of specialized vesicles transport throughout axons, such as dense-core vesicles and

lysosomes, supplying neuropeptides and catalytic enzymes, respectively, as well as entire

organelles like mitochondria. These cargoes traffic into the axon to fulfill the local

biosynthetic, degradative, or energetic demands necessary to sustain synaptic activity.

However, due to the massive size of axons, neurons critically depend on the function of

the motor proteins kinesin and dynein to distribute cargo throughout the axon. These

motors attach to vesicles through interactions with their membrane and, by converting the

chemical energy of ATP into mechanical force, rapidly transport vesicles along tracks

called microtubules. By transporting vesicles throughout axons, the microtubule-based
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motors kinesin and dynein supply synapses with new cargo and facilitate the removal of

synaptic waste products.

The function and survival of axons, and the synapses they sustain, are dependent

on the axonal transport of vesicles. As a consequence of axonal transport dysfunction,

immobile vesicles and other cargoes pool into large spherical dilations along the axon

called axonal varicosities (Stone et al., 2004; Takeuchi et al., 2005; Stokin et al., 2005).

Due to the limited diameter of axons, varicosities physically block the transport of

additional cargo and thereby reinforce the axonal transport defect (Shemesh et al., 2007).

Lapses in axonal transport subsequently interrupt synaptic activity and neurotransmission

and can result in the irreversible “dying-back” degeneration of the axon if not promptly

restored. The vulnerability of the axon to deficiencies in vesicle transport stems from its

reliance on the cell body for an uninterrupted supply of new vesicles that supply fresh

material to synapses and facilitate the turnover of synaptic components. These

vulnerabilities are magnified in certain axons, such as those generated by dopaminergic

neurons of the substantia nigra that terminate in the striatum with massive arborizations

containing up to a million synapses (Bolam & Pissadaki, 2012). The axons of motor

neurons are another striking example, which extends up to a meter in length and contain a

cytoplasm a hundred times larger in total volume than the soma (Grafstein & Forman,

1980). Supporting such an immense number of synapses or cytoplasmic volume with new

material, and removing its metabolic waste, requires efficient mechanisms of active

transport.

Synaptic activity results in the steady attrition of its proteins and organelles,

necessitating their routine turnover. Lysosomes are acidic vesicles that specialize in

degrading damaged synaptic material, such as oxidized macromolecules or defective

organelles. To achieve this, the acidic interior of lysosomes contains catabolic enzymes

tasked with breaking down biological polymers, such as proteins, lipids, and

carbohydrates, into their monomeric components. In axons, lysosomes survey synapses in

search of damaged material, which they collect and destroy (Roney et al., 2021).

Lysosomal degradation of cargo initiates in synapses but its efficiency increases after

transport to the soma, where the neuron’s degradative capacity is greater. Within the

https://www.sciencedirect.com/science/article/pii/S0014488604002080?casa_token=0acUaX6uHNgAAAAA:zzdEZ6Q5743ZniqyRY8TCY07i8tW19RLdJNoYg9qLz_Npij5VInyfxBT2RHmg6WK6fHOYTnqEQ
https://www.jbc.org/article/S0021-9258(19)30446-6/fulltext
https://www.researchgate.net/profile/Concepcion-Lillo/publication/8003079_Axonopathy_and_Transport_Deficits_Early_in_the_Pathogenesis_of_Alzheimer%27s_Disease/links/0fcfd50b5d704c1b54000000/Axonopathy-and-Transport-Deficits-Early-in-the-Pathogenesis-of-Alzheimers-Disease.pdf
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1600-0854.2007.00695.x
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3504389/
https://journals.physiology.org/doi/pdf/10.1152/physrev.1980.60.4.1167?casa_token=tAzGJUkR9_kAAAAA:UPY5mumHDEWFldhpIr8ftWBGZchIRVOZBwfTSowLWedDBLulRBICG1xCxyVRnMECwLcgvaElaZL93g
https://journals.physiology.org/doi/pdf/10.1152/physrev.1980.60.4.1167?casa_token=tAzGJUkR9_kAAAAA:UPY5mumHDEWFldhpIr8ftWBGZchIRVOZBwfTSowLWedDBLulRBICG1xCxyVRnMECwLcgvaElaZL93g
https://www.sciencedirect.com/science/article/pii/S1534580721003622?casa_token=H_oBJj1mqtQAAAAA:TSy9l_hjoBrHXp1YH2HmMtu1QSPC1h14Hl4KnuXQGw3au9ePZjLvblLO_zqAuhhjg2vK4u4gnrk
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narrow confines of the axon, the constitutive disposal of damaged material by lysosomes

is a major priority because it otherwise accumulates into large deposits that block

transport and form varicosities. Lysosomes are therefore critical to the health of synapses

by removing waste and preventing axonal obstructions.

Glucocerebrosidase (GCase) is a lysosomal enzyme encoded by the GBA gene.

The principal function of GCase is to catalyze the degradation of the glycosphingolipid

(GSL) glucosylceramide (GC) into glucose and ceramide. GSLs are carbohydrate-

conjugated lipids abundant in the cellular membrane, and GC is a simple GSL composed

of a single glucose moiety bonded to ceramide. Mutations in GBA cause the lysosomal

storage disorder (LSD) Gaucher’s Disease (GD) but are also a major risk factor for a

group of neurodegenerative disorders termed synucleinopathies, which includes

Parkinson’s Disease (PD), Dementia with Lewy Bodies (DLB), and Multiple Systems

Atrophy (MSA). The mechanism by which GBA mutations or inhibition cause

neurodegenerative disease is poorly understood but could be related to the lysosomal

accumulation of its substrate GC, and its deacetylated derivative glucosylsphingosine

(GS). The accumulation of GC and GS in the lysosomal membrane may alter the

dynamics of lysosomal transport in axons, perhaps by increasing the size of the

lysosomes or altering the lipid composition of its membrane. These properties of the

lysosomal membrane influence the efficiency of lysosomal transport in the axon (Mallik,

2020; Sabharawl & Koushika, 2019). Thus, mutations or catalytic inhibition of GCase

may contribute to neural dysfunction by interfering with axonal transport, a hypothesis

that has not been examined.

The goal of my thesis was to investigate the effect of GCase inhibition on

lysosomal function in axons to better understand GCase’s contribution to

neurodegenerative disease. My principal hypothesis was that inhibition of GCase would

interfere with the efficiency of lysosomal transport. In this chapter, I begin with an

overview of lysosome maturation and function in neurons, and why lysosomes are

essential for clearing axons and synapses of defective components. Next, I discuss the

importance of lysosomal transport in the turnover of protein, and the mechanisms of

lysosomal transport in axons. I then discuss GCase and its substrate GC, their relationship

https://www.nature.com/articles/s41580-019-0189-0
https://www.nature.com/articles/s41580-019-0189-0
https://www.frontiersin.org/articles/10.3389/fncel.2019.00470/full#B173
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to synucleinopathies, and the pathobiology of GBA mutations. Finally, I provide an

outline of my research hypothesis that deficiency in GCase could disrupt the dynamics of

axonal transport.

1.2. Lysosomal Origin & Maturation

Lysosomes are highly acidic organelles classically recognized as a kind of cellular

waste incinerator. The variety of hydrolytic enzymes stored in the lysosome accounts for

its broad degradative capacity, which collectively function to catalytically degrade

macromolecules to maintain cellular homeostasis and recycle nutrients. Lysosomes

receive material from endocytic, autophagic, or phagocytic vesicles, and are the terminal

destination of the endolysosomal vesicle network. Like other vesicles, lysosomes are

transported throughout neurons along microtubule tracks by the motor proteins kinesin

and dynein. In axons, the primary purpose of lysosomes is to collect and sequester

material to facilitate its degradation and recycling. In the current section, I provide a brief

overview of axonal lysosomes to clarify the definition of a lysosome, where they come

from, and the debate regarding their function in axons.

Lysosomes are primarily localized in the soma clustered near the microtubule-

organizing center (Jongsma et al., 2016). These lysosomes are the most mature, vaguely

defined by their degree of degradative capacity and acidity. Lysosomes mature from

precursor vesicles, such as endosomes or autophagosomes, which continuously fuse with

Golgi-derived vesicles carrying newly synthesized lysosomal proteins, eventually

morphing the precursor vesicle into a mature lysosome. Lysosomal precursor vesicles

mature most efficiently near the Golgi but this process also occurs distally in the axon

(Johnson et al., 2016). The degradative capacity and acidity of lysosomes vary

considerably, producing a wide continuum of maturity states. For example, in axons,

lysosomes have a proximodistal gradation of acidity, with more mature and acidic

lysosomes located closer to the cell body (Overly et al., 1995). Lysosomes fuse with or

evolve from a variety of distinct vesicles, including endosomes, autophagosomes, or

phagosomes, yielding multiple types of hybrid vesicles. The promiscuous fusion and

https://www.cell.com/cell/fulltext/S0092-8674(16)30725-5?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0092867416307255%3Fshowall%3Dtrue
https://rupress.org/jcb/article/212/6/677/38514
https://www.pnas.org/content/92/8/3156.short
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interaction of lysosomes with other vesicles, coupled with a spectrum of lysosomal

maturity states, complicates the definition of a lysosome.

According to one model, mature lysosomes with a full complement of enzymes

are generally excluded from the axon. Although acidic vesicles containing lysosomal

enzymes transport into the axon from the soma, there is disagreement as to whether these

should be called lysosomes or transport carrier (TC) vesicles (Lie et al., 2021). TCs are

trans-Golgi-derived vesicles that deliver newly synthesized lysosomal hydrolases and

membrane proteins to pre-degradative lysosomes in the axon (endosomes and

autophagosomes), thereby promoting their maturation into lysosomes. However, by

transporting lysosomal proteins, TCs acquire lysosomal properties. For example, TCs are

slightly acidic and contain Lysosomal Associated Membrane Protein 1 (LAMP1), a

marker commonly used to identify lysosomes (Lie et al., 2021). Moreover, TCs transport

enzymatically active enzymes, but their capacity to degrade material in axons is limited

due to relatively high pH of TCs. Thus, although TCs resemble lysosomes in composition,

they do not significantly contribute to the local degradation of material in the axon and

are therefore not true lysosomes.

Contrary to the model described above, other research suggests mature lysosomes

freely explore the axons to gather and destroy waste. A subset of endocytic vesicles in the

axon (approximately 15-30%), particularly those located near the cell body, have a pH of

5 or lower which is consistent with the pH of a mature lysosome (Overly et al., 1996).

These highly acidic axonal vesicles are labeled by a variety of lysosomal substrate probes,

such as the GCase or cathepsin D probes MDW933 and BODIPY-FL-pepstatin A,

respectively, and thus contain catalytically active lysosomal enzymes (Farfel-Becker et

al., 2019; Cheng et al., 2018). Although acidic vesicles traffic with a slight retrograde

bias, indicating a constitutive clearance of cargo, they are transported anterogradely as

well (Luningschror et al., 2020; Otomo et al., 2021; Prabhu et al., 2021), consistent with

lysosomes seeking substrate for degradation. Acidic vesicles containing cathepsin B

activity also localize to distal axon terminals in vivo (Terni & Llobet, 2021), where they

locally degrade membrane proteins (Jin et al., 2018). Using electron microscopy, vesicles

characteristic of lysosomes, and containing lysosomal enzyme activity, are observed in

https://www.sciencedirect.com/science/article/pii/S2211124721003508
https://www.sciencedirect.com/science/article/pii/S2211124721003508
https://www.sciencedirect.com/science/article/pii/S2211124719307715
https://www.sciencedirect.com/science/article/pii/S2211124719307715
https://rupress.org/jcb/article/217/9/3127/120828
https://www.sciencedirect.com/science/article/pii/S221112472030228X
https://www.sciencedirect.com/science/article/pii/S0168010221001759
https://bmcbiol.biomedcentral.com/articles/10.1186/s12915-021-01133-x
https://www.life-science-alliance.org/content/lsa/4/8/e202101105.full.pdf
https://www.sciencedirect.com/science/article/pii/S0960982218302173#
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axons, although infrequently (Cheng et al., 2018; Foster et al., 2021; Broadwell, 1980;

Terni & Llobet, 2021). Collectively, these studies demonstrate that lysosomes traffic

through axons to locally degrade and recycle material.

Whether acidic vesicles in the axon are called TCs or lysosomes might be of

limited biological significance. Regardless of nomenclature, these vesicles are essential

for the removal of axonal waste, but researchers disagree on the mechanism. Some

support the view that TCs function to drive the maturation of lysosomes from pre-

degradative vesicles, but axonal and synaptic components are ultimately only degraded in

the soma after retrograde transport (Lie et al., 2021). In contrast, others argue that

lysosomes enter the axon to degrade material locally (Farfel-Becker et al., 2019).

However, both models agree that axonal lysosomes, relative to lysosomes in the soma,

are degradatively less mature and fewer in number. Regardless, for the sake of simplicity,

I will refer to acidic vesicles, and those containing lysosomal markers (e.g., LAMP1,

cathepsins), as lysosomes but acknowledge the nuanced debate regarding their origin and

maturity.

1.3. Lysosomal Transport & Proteostasis

Lysosomes importantly contribute to the degradation and recycling of cellular

material. Ensuring proteins are promptly degraded and recycled after exceeding their

lifespan, or when they misfold, is a process termed protein homeostasis (proteostasis). In

conditions where the degradative capacity of the cell is exceeded, such as deficient

lysosomal activity, damaged or misfolded proteins can accumulate and form protein

aggregates (Tyedmers et al., 2010). Maintaining proteostasis is uniquely challenging in

neurons because misfolded proteins cannot be simply diluted by cell division, which is a

primary mechanism of disposal in other cell types (Bufalino & Kooy, 2013; Rujano et al.,

2006). In addition, the capacity of neurons to sustain proteostasis steadily declines with

age, possibly due to the age-dependent decline in lysosomal function (Nixon, 2020). In

the current section, I discuss the critical role of lysosomes in degrading damaged protein

and maintaining proteostasis, because, as discussed in later sections, mutations in GCase

interfere with the function of lysosomes.

https://rupress.org/jcb/article/217/9/3127/120828
https://rupress.org/jcb/article/221/2/e202103154/212894/A-cryo-ET-survey-of-microtubules-and-intracellular?fbclid=IwAR09IMuG7zsbVJToJrTcJVY2hsceYRNMI1_gIw51rS7lwuGe3BsqBKlqvQY
https://journals.sagepub.com/doi/pdf/10.1177/28.1.7351476
https://www.life-science-alliance.org/content/lsa/4/8/e202101105.full.pdf
https://www.sciencedirect.com/science/article/pii/S2211124721003508
https://www.sciencedirect.com/science/article/pii/S2211124719307715
https://www.tandfonline.com/doi/full/10.4161/cc.28106
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0040417
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.0040417
https://www.sciencedirect.com/science/article/pii/S157096392030090X?casa_token=0gKSqgmSXv0AAAAA:-zAdL1HthecMwSOqn7HEh2uuYIw5k5jxYMIavN9MHVj79rUh0f29qqOABaD14pgZfETgfuhWfQ
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The maintenance of proteostasis is critical for the proper functioning of axons.

The constitutive clearance of waste, such as misfolded proteins or damaged organelles,

prevents their aggregation into obstructions that interfere with transport (Gunawardena et

al., 2003; Lee et al., 2003; Sasaki & Iwata, 1996; Volpicelli-Daley et al., 2014). The

destruction of damaged proteins is important generally because they function incorrectly

and non-specifically interact with other proteins, thereby disrupting cellular activities and

forming protein aggregates. Proteins are routinely damaged during normal cellular

activity, for example by reactive oxygen species from oxidative metabolism, causing

them to misfold into non-native conformations (Berlett & Stadtman, 1997). In synapses,

levels of protein and organelle oxidation are high (Baranov et al., 2021; Martinez et al.,

1996; Hill et al., 2018), likely from the increased oxidative metabolism needed to sustain

synapses coupled with a decreased rate of synaptic protein turnover. For example, the

synaptic proteome turns over more slowly compared to the soma or other cells, such as

glia, rendering them susceptible to the accumulation of damaged protein (Dorrbaum et al.,

2017; Soykan et al., 2021; Heo et al., 2017). Thus, the mechanisms that maintain

proteostasis in neurons, such as lysosomal degradation, are essential for keeping the axon

clear of debris but challenged by a higher burden of protein oxidation and a slower rate of

protein turnover.

Lysosomes are organelles that contribute to proteostasis by specializing in the

degradation of long-lived proteins, large protein aggregates, and whole organelles, such

as mitochondria. Lysosomal cargo is primarily received via autophagy (Figure 1.1A;

Bingol, 2018). Autophagy (“self-eating”) is the process by which a substrate, such as

protein aggregates or mitochondria, is engulfed by an elongating membrane, the

phagophore, forming a vesicle called the autophagosome. The autophagosome

subsequently fuses with and empties its contents into the lysosome. Autophagy is

constitutively active in distal synapses and is the central mechanism by which damaged

or old synaptic material is delivered to lysosomes (Liang & Sigrist, 2018). Another form

of autophagy, chaperone-mediated autophagy (CMA), also delivers waste into lysosomes

(Figure 1.1B; Bingol, 2018). In CMA, misfolded proteins are funneled across the

lysosomal membrane through pores composed of the integral membrane protein

LAMP2A (Cuervo & Dice, 1996). Because autophagic pathways deliver cargo to

https://pubmed.ncbi.nlm.nih.gov/14527431/
https://pubmed.ncbi.nlm.nih.gov/14527431/
https://www.pnas.org/content/pnas/101/9/3224.full.pdf
https://n.neurology.org/content/47/2/535.short
https://www.molbiolcell.org/doi/pdf/10.1091/mbc.E14-02-0741
https://www.jbc.org/article/S0021-9258(18)38728-3/fulltext
https://www.sciencedirect.com/science/article/pii/S096999612100200X
https://pubmed.ncbi.nlm.nih.gov/8883880/
https://pubmed.ncbi.nlm.nih.gov/8883880/
https://www.sciencedirect.com/science/article/pii/S0306452218304391?casa_token=vo8CRIERIO0AAAAA:PyS4h5VtdiwtpSUfbtfkRPRU88Q6iiOtj4S930CE0fMeLIJXGuLzOLgOZvQ2-RoeiMPyJN4PhBI
https://elifesciences.org/articles/34202.pdf
https://elifesciences.org/articles/34202.pdf
https://www.sciencedirect.com/science/article/pii/S0959438821000167?casa_token=1VxWRm4MBdIAAAAA:fP6M9IBlNjAlK8PM_jLMJo0o0UopV3iVg520k1BKq1WJi495NwGUeeztgeTEmEPoTS5_2nr9Gw
https://www.pnas.org/content/pnas/115/16/E3827.full.pdf
https://www.sciencedirect.com/science/article/pii/S0959438817301241?casa_token=AYerNGM5c-gAAAAA:Yam7H1t8WyKbGaLuRcwTkMXKGn-Jp6XC98KD63BKS3ozNTteQgD4NCm0mpw2uTDz0mlJEp4ndJw
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lysosomes for degradation, a primary manifestation of lysosomal dysfunction in neurons

is the accumulation of autophagosomes and its substrates (e.g., dysfunctional

mitochondria and protein aggregates) (Lee et al., 2011; Boland et al., 2008; Takauchi &

Miyoshi, 1989; Cason et al., 2021).

Figure 1.1. Autophagy is a primary source of lysosomal cargo.
Lysosomes receive cargo for degradation from endocytic, phagocytic, and autophagic pathways.
(A) Macroautophagy (autophagy) is the process by which cargo is polyubiquitinated and bound
by autophagic cargo adaptors like p62, which binds the growing phagophore through interactions
with LC3. After enclosure, the autophagosome fuses with lysosomes where cargo is degraded.
Eventually, lysosomes are reformed, a process by which a portion of the lysosomal membrane is
tubulated and severed, forming a new lysosome. (B) Chaperone-mediated autophagy (CMA) is a
house-keeping form of autophagy whereby misfolded proteins are recognized by the exposure of
the short peptide sequence KFERQ, a hydrophobic sequence normally buried in the core of
folded proteins. This sequence is bound by the folding chaperone HSPA8 (HSC70), which escorts
the misfolded protein to the lysosomal membrane where it is funneled directly into the interior
through pores formed by LAMP2A. (Bingol, 2018).

Lysosomal dysfunction results in a toxic buildup of autophagic cargo in axons.

For example, interfering with the degradative capacity of lysosomes with leupeptin, a

non-selective lysosomal protease inhibitor, or bafilomycin A1, a lysosomal acidification

inhibitor, causes the accumulation of protein aggregates and autophagosomes in axons

(Lee et al., 2011; Boland et al., 2008; Takauchi & Miyoshi, 1989; Cason et al., 2021). In

contrast, inhibition of proteasomes, a large protein complex that degrades protein, has a

limited affect on protein degradation rates in synapses (Hakim et al., 2016), suggesting

lysosomal activity is the principal catabolic pathway for protein turnover in synapses. In

https://www.jneurosci.org/content/jneuro/31/21/7817.full.pdf
https://www.jneurosci.org/content/28/27/6926.short
https://link.springer.com/content/pdf/10.1007/BF00688174.pdf
https://link.springer.com/content/pdf/10.1007/BF00688174.pdf
https://www.biorxiv.org/content/10.1101/2020.11.01.363333v1.full
https://www.jneurosci.org/content/jneuro/31/21/7817.full.pdf
https://www.jneurosci.org/content/28/27/6926.short
https://link.springer.com/content/pdf/10.1007/BF00688174.pdf
https://www.biorxiv.org/content/10.1101/2020.11.01.363333v1.full
https://www.embopress.org/doi/pdf/10.15252/embj.201593594
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disorders of lysosomal function, collectively called lysosomal storage disorders (LSDs),

an accumulation of undegraded cargo into axonal varicosities is commonly observed,

possibly an indication of defective lysosomal transport (Beard et al., 2017; Nelson et al.,

2014; Britto et al., 2021). Although LSDs cause various neuronal pathologies, the

formation of axonal varicosities best correlates with patterns of neurodegeneration and

disease severity and is thus the most likely to “account for clinical neurodegenerative

phenotypes” (Walkley, 1988). In composition, the axonal varicosities characteristic of

LSDs generally lack lysosomes and other storage bodies but are rather accumulations of

undegraded lysosomal cargo, such as autophagosomes or protein aggregates (Figure 1-2;

Maday, 2016). For example, in animal models of GD, axonal varicosities composed of

autophagosomes and amorphous aggregated protein are observed (Uemura et al., 2015;

Sun et al., 2010). A similar appearance of axonal varicosities are commonly found in

axon tracts of patients with synucleinopathies like PD (Galvin et al., 1999) or DLB (Iseki

et al., 2002), which could arise from deficiencies in lysosomal function. Regardless,

lysosomal activity critically degrades waste in axons, where it can otherwise accumulate,

block transport, and trigger neurodegeneration.

Lysosomal transport is essential for the ability of lysosomes to maintain

proteostasis in distal regions of the neuron. Interfering with the mechanisms of

anterograde or retrograde lysosomal transport results in the axonal accumulation of

protein aggregates and autophagosomes (Figure 1-2; Maday, 2016; Farfel-Becker et al.,

2019; Roney et al., 2021; Farias et al., 2017). Lysosomal transport contributes to axonal

proteostasis through two general mechanisms. First, the anterograde transport of

lysosomes delivers hydrolases to initiate cargo degradation in the axon (Farfel-Becker et

al., 2019). And second, the fusion of anterogradely transported lysosomes with pre-

degradative autophagosomes promotes their maturation and successful retrograde

transport to the soma, where lysosomal proteolytic activity is higher (Cason et al., 2021).

The fusion of lysosomes with autophagosomes, which occurs rapidly after formation,

supplies autophagosomes with dynein and initiates retrograde motility (Cheng et al.,

2015). Blocking lysosome-autophagosome fusion depletes autophagosomes of dynein

resulting in their immobilization. Therefore, lysosomes promote axonal proteostasis by

delivering hydrolases and by supporting the maturation and retrograde flux of pre-

https://www.sciencedirect.com/science/article/pii/S0014488617301498?casa_token=iVzTuRP2IPAAAAAA:2i0d5e_0JrdVtE5MM9rAU3160xdbBWh3PRnhQGe7MQyJf0-TQTKYyu-LNrfAR-Mkdv1PoYXhlUU
https://actaneurocomms.biomedcentral.com/articles/10.1186/2051-5960-2-20
https://actaneurocomms.biomedcentral.com/articles/10.1186/2051-5960-2-20
https://www.biorxiv.org/content/biorxiv/early/2020/07/06/2020.07.06.186809.full.pdf
https://onlinelibrary.wiley.com/doi/epdf/10.1111/j.1750-3639.1998.tb00144.x
https://www.sciencedirect.com/science/article/pii/S2211124719307715#!
https://www.sciencedirect.com/science/article/pii/S2211124719307715#!
https://www.sciencedirect.com/science/article/pii/S1534580721003075?casa_token=K1081sNHhowAAAAA:M5Kx-9307KohOiMGQ__PqSQRyTAiObS6B4T3tWmueZIMSVNy4wJlMo_6wbw3cC4EENMX8q0FW58
https://www.pnas.org/content/114/14/E2955
https://www.sciencedirect.com/science/article/pii/S2211124719307715#!
https://www.sciencedirect.com/science/article/pii/S2211124719307715#!
https://rupress.org/jcb/article-abstract/220/7/e202010179/212171/Sequential-dynein-effectors-regulate-axonal?redirectedFrom=fulltext
https://rupress.org/jcb/article/209/3/377/38189
https://rupress.org/jcb/article/209/3/377/38189
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degradative autophagosomes. The contribution of each pathway (anterograde hydrolase

delivery vs retrograde cargo clearance) to the lysosomal maintenance of proteostasis in

the axon has not been specifically investigated but is an important area of future research.

Figure 1.2. Lysosomal transport dysfunction in neurons.
During homeostatic conditions, synaptic cargo destined for lysosomes (e.g., autophagosomes,
protein aggregates, mitochondria) retrogradely traffic towards the cell body. During transit,
vesicles fuse with lysosomes (and TCs) causing them to progressively develop degradative
capabilities. In pathogenic conditions, such as dysfunction in lysosomal transport, lysosomal
cargo accumulates into varicosities blocking transport, thereby triggering a global dysfunction in
axonal transport. (Maday, 2016).

Lysosomes primarily dispose of cargo by catalytic means, but, as an alternative,

can secrete their contents by exocytosis. Prior to exocytosis, lysosomes are positioned

and docked at the plasma membrane by motor proteins, such as kinesin and myosin.

Subsequently, various fusion proteins facilitate the exocytosis of lysosomes following

calcium flux. By ejecting its cargo, lysosomal exocytosis assists in the maintenance of

cellular proteostasis. For example, intralysosomal aggregates of α-synuclein (Xie et al.,

2021), tau (Xu et al., 2020), and huntingtin (Traqkovic et al., 2017), arriving from

autophagic pathways, can be cleared from neurons by lysosomal exocytosis. In LSDs,

lysosomal exocytosis can also dispose of undigested lipids and other material (Samie &

Xu, 2014). Moreover, lysosomes positioned at distal synapses are constitutively secreted

https://www.biorxiv.org/content/biorxiv/early/2021/04/11/2021.04.10.439302.full.pdf
https://www.biorxiv.org/content/biorxiv/early/2021/04/11/2021.04.10.439302.full.pdf
https://www.nature.com/articles/s41380-020-0738-0
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5597981/
https://www.jlr.org/article/S0022-2275(20)35264-0/fulltext
https://www.jlr.org/article/S0022-2275(20)35264-0/fulltext
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regulating synapse maturation (Ibata et al., 2019; Padamsey et al., 2017). Thus, the

transport of lysosomes is principally important for the maintenance of proteostasis, but

also positions lysosomes at synapses to release signaling proteins and storage material.

The lysosomal membrane is a critical barrier separating its acidic hydrolase-rich

lumen from the cytosol. Deficiencies in the degradation (or possibly secretion) of

lysosomal storage material, such as protein aggregates or macromolecules, enlarges

lysosomes and increases their propensity to rupture (Pereira et al., 2010; Griffin et al.,

1984; Freeman et al., 2013). Damage to the lysosomal membrane triggers the release of

small molecules and protons, dissipating lysosomal pH and disrupting its function.

Additionally, the spillover of protons into the cytosol increases cytosolic pH and, if the

lysosomal membrane is severely disrupted, enzymes escape into the cytosol where they

non-selectively cleave proteins. By blocking lysosomal function, altering the cytosolic

pH, and releasing hydrolytic enzymes, lysosomal rupture may cause proteostatic defects

and promote protein misfolding. For example, the deletion of the lysosomal enzyme

CLN2 in neurons increases the permeability of lysosomal membranes due to excessive

substrate accumulation, resulting in non-specific cytosolic protein aggregation (Micsenyi

et al., 2013). Although the function of lysosomes is essential for proteostasis, their

rupture can also directly contribute to the loss of cellular proteostasis.

1.4. Mechanisms of Lysosomal Transport in the Axon

In order for lysosomes to assist in proteostasis or perform any other function in

distal axons, they must be transported into the axon by molecular motors. The

directionality of microtubule (MT) motors depends on the polarity of the MTs. Kinesin

motors move cargo towards the plus ends, and dynein towards the minus ends, of MTs. In

axons, the plus end of MTs align only towards the distal axon termini. As a result, all

anterograde transport events are conducted by kinesin and all retrograde events by dynein.

Over 45 different mammalian genes encode kinesin proteins, but kinesin-1 and kinesin-3

are particularly important for lysosomal transport in neurons.

https://www.cell.com/neuron/fulltext/S0896-6273(19)30333-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS0896627319303332%3Fshowall%3Dtrue
https://www.sciencedirect.com/science/article/pii/S0896627316308510
https://onlinelibrary.wiley.com/doi/pdf/10.1002/jcp.22039?casa_token=rmzLBxeYvOEAAAAA:CwyQ3mbE8nolj3jKwSop2bWLrKfnGZQeETPtGa4icM8v2e-DG_4K5iTq9Doja3r5ecjp6fQW86_CA7KO
https://link.springer.com/content/pdf/10.1007/BF02889850.pdf
https://link.springer.com/content/pdf/10.1007/BF02889850.pdf
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0062143
https://www.jneurosci.org/content/33/26/10815.full
https://www.jneurosci.org/content/33/26/10815.full
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The anterograde transport of lysosomes in the axon is conducted primarily by

kinesin-1, a ubiquitously expressed kinesin that transports a variety of cargo. In neurons,

shRNA-mediated knockdown of kinesin-1 isoforms (KIF5A, KIF5B, or KIF5C)

uniformly depletes the axon of LAMP1 vesicles (Farias et al., 2017). Similarly,

expressing a dominant-negative KIF5A construct arrests LAMP1 vesicles in the axon

initial segment while overexpression of wildtype KIF5A causes the accumulation of

LAMP1 vesicles in the axon. The neuron-specific kinesin-3 isoform, KIF1A, also

facilitates LAMP1 transport in the axon, evidenced by the reduction in LAMP1 motility

following shRNA-mediated KIF1A knockdown (Hummel & Hoogenraad, 2021). The

axonal transport of lysosomes by KIF1A and kinesin-1 is also consistent with

experiments in HeLa cells, in which siRNA knockdown of KIF1A or KIF5 isoforms

induces the localization of lysosomes to the center of the cell, and their overexpression

causes lysosomes to peripherally accumulate in cellular protrusions (Guardia et al., 2016).

These studies demonstrate that both KIF1A and kinesin-1 isoforms are important to the

anterograde axonal transport of lysosomes.

The recruitment of kinesin-1 and 3 to lysosomes is regulated by the octameric

BORC complex (Figure 1-2; Ballabio & Bonifacino, 2020). By recruiting kinesin, the

BORC complex mediates the peripheral positioning of lysosomes (Pu et al., 2015) and, in

neurons, their anterograde axonal transport (Snouwaert et al., 2018). In primary neurons,

the deletion of BORCS7, a critical BORC subunit, reduces the density of the axonal

lysosome and the transport velocity of remaining lysosomes is impaired. In vivo, mice

with homozygotic truncation mutations in BORCS7 develop axonal varicosities

composed of amorphous electron-dense material and degenerated vesicles, indicating

defects in axonal proteostasis. Another BORC subunit, BORCS5, is myristoylated and

localized to the lysosomal membrane, thereby localizing the BORC complex, and the

trafficking machinery it recruits, to the lysosomal membrane (Pu et al., 2015; Pace et al.,

2020). Following BORCS5 deletion in mice, lysosomes are absent in the axons of

cultured neurons and axon tracts in vivo, resulting in axonal dystrophy. Collectively, the

BORC complex is critical for the anterograde axonal transport of lysosomes and

clearance of axonal waste.

https://www.pnas.org/content/114/14/E2955
https://rupress.org/jcb/article/220/10/e202105011/212488/Specific-KIF1A-adaptor-interactions-control
https://www.sciencedirect.com/science/article/pii/S2211124716314826
https://www.sciencedirect.com/science/article/pii/S1534580715001136
https://www.sciencedirect.com/science/article/pii/S2211124718310751#bib3
https://www.sciencedirect.com/science/article/pii/S1534580715001136
https://www.sciencedirect.com/science/article/pii/S2211124720307555
https://www.sciencedirect.com/science/article/pii/S2211124720307555
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Although the BORC complex is essential for lysosomal transport in axons, it does

not bind kinesin directly. Instead, the BORC complex recruits and then activates the

small G-protein Arl8, possibly by acting as a nucleotide exchange factor (Pu et al., 2015)

(Figure 1.3; Ballabio & Bonifacino, 2020). In turn, Arl8 functions to recruit its primary

effector protein SKIP, releasing it from an auto-inhibited cytosolic conformation (Rosa-

Ferreira & Munro, 2011; Keren-Kaplan & Bonifacino, 2021). After activation by Arl8,

SKIP directly binds to kinesin light and heavy chains, triggering their dimerization,

activation, and the associated vesicles' motility along MTs (Sanger et al., 2017). The

conversion of inactive cytosolic kinesins into active membrane-bound motors by adaptor

proteins like SKIP is a common mechanism shared by most kinesin motor proteins (Cross

& Dodding, 2019). For lysosomes, the interactions between the lysosome-anchored

BORC complex, Arl8, SKIP, and kinesin are essential for anterograde axonal transport.

The retrograde transport of lysosomes is coupled to an increasing anterograde

supply of Golgi-derived vesicles delivering lysosomal enzymes. In this way, the

retrograde transport of lysosomes is coupled to their maturation, acidification, and

degradative capacity, and therefore promotes efficient turnover of its cargo. Retrograde

lysosomal transport is facilitated by dynein, a large complex composed of at least 8

subunits that transports cargo towards the minus end of MTs. Like kinesins, dynein is

recruited and activated at vesicles by adaptor proteins. Several lysosomal membrane

proteins function as dynein adaptors, such as RILP (Cantalupo et al., 2001), SNAPIN

(Cai et al., 2010), and JIP3 (Reck-Peterson et al., 2018) (Figure 1.3; Ballabio &

Bonifacino, 2020). For the transport of lysosomes in axons, JIP3 (and its homolog JIP4)

are particularly important. JIP3 is a lysosomal membrane protein that binds and recruits

dynein to initiate retrograde lysosomal motility (Celestino et al., 2021). In axons, JIP3

promotes the retrograde transport of lysosomes and its deletion reduces their velocity

(Drerup & Nechiporuk, 2013). The deletion of JIP3 causes a profound accumulation of

lysosomes into axonal varicosities, indicating a deficiency in the retrograde flux and

clearance of lysosomes from axons (Gowrishankar et al., 2021). Collectively, these

studies show that JIP3 is a critical dynein adaptor mediating retrograde lysosomal

transport and clearance from the axon.

https://www.sciencedirect.com/science/article/pii/S1534580715001136
https://www.sciencedirect.com/science/article/pii/S1534580711004540?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1534580711004540?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0960982220316146
https://journals.biologists.com/jcs/article/130/9/1637/56737
https://www.sciencedirect.com/science/article/pii/S0955067418301285?casa_token=3swdwjSZdmsAAAAA:GWaMIaTjaF0GY1ZKsewZRJTlAmwhMjhx1z700FX0YWZv-FgwQSESMY_rn34qk7w5a6gblxbw_5g
https://www.sciencedirect.com/science/article/pii/S0955067418301285?casa_token=3swdwjSZdmsAAAAA:GWaMIaTjaF0GY1ZKsewZRJTlAmwhMjhx1z700FX0YWZv-FgwQSESMY_rn34qk7w5a6gblxbw_5g
https://www.embopress.org/doi/full/10.1093/emboj/20.4.683
https://www.sciencedirect.com/science/article/pii/S0896627310007646
https://www.nature.com/articles/s41580-018-0004-3
https://www.biorxiv.org/content/10.1101/2021.10.11.463801v1.abstract
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1003303
https://www.molbiolcell.org/doi/full/10.1091/mbc.E20-06-0382
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Figure 1.3. Mechanisms of lysosomal transport.
The retrograde transport of lysosomes is conducted by dynein and dynactin, which bind
lysosomes through JIP4 or its homolog JIP3. Other retrograde adaptors include ALG2, a calcium-
sensing protein, and RILP. Anterograde lysosomal transport is facilitated by kinesin-1 and
kinesin-3, which attach to lysosomes through the kinesin adaptor SKIP or by using a PH domain,
respectively. The BORC complex is essential for kinesin-directed motility by recruiting ARL8,
which activates SKIP, or by directly binding Kinesin-3. (Ballabio & Bonifacino, 2020).

Although the proteins involved in axonal transport have received considerable

attention, the biophysical mechanics of transport are also important but often overlooked.

In particular, the size of vesicles presents biophysical constraints on transport within the

exceptionally narrow diameter of axons. During vesicle transport, the motion of vesicles

displaces the viscous cytoplasm, generating a resistive force called cytosolic drag that

reduces transport velocity (Sabharwal & Koushika, 2019). Additionally, due to the

limited space in axons, stationary vesicles interfere with vesicle transport broadly by

contributing to a phenomenon called macromolecular crowding, whereby they collide

with passing vesicles increasing the congestion of axons (Sood et al., 2017; Che et al.,

https://www.frontiersin.org/articles/10.3389/fncel.2019.00470/full#B173
https://onlinelibrary.wiley.com/doi/full/10.1111/tra.12544
https://www.sciencedirect.com/science/article/pii/S0304394015302287?casa_token=9UAM2ift8o0AAAAA:0bipH33yCuqK1jqZJLpUu7oO6xaC2rKCgoPglMQEWtPv2od58yC1bzlXP9UXbvTuw8OBksWQow
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2016). Within crowded regions of the axon, vesicle velocity is decreased and the

propensity of vesicles to stall is increased. These biophysical challenges are magnified

for larger vesicles, which displace a greater amount of cytosol during transport, and are

more likely to collide with other vesicles or the axonal membrane. To reduce cytosolic

drag, and transport cargo that, in some instances, exceeds the diameter of the axon, an

actomyosin network mediates the expansion of the axonal membrane during transport

(Wang et al., 2020). For example, transporting large lysosomes requires the transient

actin-dependent dilation of the axon, a process which may account for the reduced rate of

transport for larger vesicles (Wang et al., 2020). Additionally, in the soma, enlarged

lysosomes also move slower, and are unable to enter the axon due to their size and can

become lodged in the axon initial segment (Ozkan et al., 2021). Collectively, these

studies demonstrate an important role of vesicle size in axonal transport, and the potential

of larger vesicles to disrupt transport by contributing to axonal congestion.

Lysosome size varies widely in neurons, and is proportional to the amount of

material they contain (Appelqvist et al., 2013). The primary mechanism of regulating

lysosome size is lysosomal reformation, whereby its membrane is drawn into a long

tubule (through the action of KIF5B) and subsequently severed, producing a new smaller

lysosome (Durchfort et al., 2012; Du et al., 2016). Portions of the lysosomal membrane

can also endocytose forming an intraluminal vesicle within the lysosome that is degraded,

thereby shrinking the lysosome (Lee et al., 2020). In LSDs, such as GD, lysosomes

enlarge due to deficient catalytic activity and excessive substrate storage, and perhaps

from dysfunction in lysosomal reformation or endocytosis (Bellettato & Scarpa, 2010).

Because of the biophysical limitations discussed above, the enlargement of lysosomes

could hinder their ability to traffic in, or enter, axons and sustain proteostasis. The

frequent observation of axonal varicosities in different LSDs (Walkley, 1988) could

reflect deficiencies in lysosomal transport due to lysosomal enlargement and vesicle

crowding in the axon. Thus, lysosomal size, which is sensitive to substrate storage,

presents biophysical challenges to lysosomal transport and their entry into axons.

The membrane of vesicles serves as a dynamic platform on which motor proteins

and their adaptors are recruited, anchored, and clustered to activate vesicle transport

https://www.sciencedirect.com/science/article/pii/S0304394015302287?casa_token=9UAM2ift8o0AAAAA:0bipH33yCuqK1jqZJLpUu7oO6xaC2rKCgoPglMQEWtPv2od58yC1bzlXP9UXbvTuw8OBksWQow
https://rupress.org/jcb/article/219/5/e201902001/151566
https://rupress.org/jcb/article/219/5/e201902001/151566
https://www.nature.com/articles/s41467-021-24713-5
https://academic.oup.com/jmcb/article/5/4/214/900529
https://onlinelibrary.wiley.com/doi/pdf/10.1111/j.1600-0854.2011.01300.x
https://www.sciencedirect.com/science/article/pii/S1534580716302349
https://www.sciencedirect.com/science/article/pii/S1534580720306663
https://onlinelibrary.wiley.com/doi/pdf/10.1007/s10545-010-9075-9?casa_token=2kBqX9CMlOwAAAAA:ukNVbP6Hl77ZzNbaxYVq5XLopW9jGV9G831COOEzSSmnkfC0xJ5Ye7bgRMi983NMUokHTJk6d0xlkzOu
https://onlinelibrary.wiley.com/doi/epdf/10.1111/j.1750-3639.1998.tb00144.x
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(Figure 1.4; Pathak & Mallik, 2017). Various motor proteins, including KIF1A, and

KIF16B, as well as motor adaptors, such as SKIP, utilize lipid-binding domains to

associate with lipid membranes (Pathak & Mallik, 2017). For example, KIF1A contains a

lipid-binding PH domain that, through interactions with the negatively charged

phospholipid phosphatidylinositol (PI), binds directly with membranes (Figure 1.4;

Pathak & Mallik, 2017; Klopfenstein et al., 2002; Klopfenstein & Vale, 2004).

Negatively charged lipids (such as PI or phosphatidylserine) are enriched in late

endosomes and lysosomes and regulate the recruitment of cationic membrane proteins

(Yeung et al., 2008). The abundance of negatively charged phospholipids may explain

why KIF1A’s PH domain promotes lysosomal transport in the axon (Hummel &

Hoodenraad, 2021). Indeed, blocking the charge of phospholipids with Neomycin, a

molecule that binds negatively charged phospholipid head groups, inhibits KIF1A vesicle

transport in vitro (Klopfenstein et al., 2002). Besides KIF1A, the kinesin-1 light chains

KLC2 and KLC1E also directly bind anionic phospholipids using a C-terminal alpha-

helix (Anton et al., 2021). In vitro, this alpha helix promotes the binding of kinesin-1 to

negatively charged liposomes, and, in HeLa cells, is important for anterograde lysosomal

motility. The charged phospholipid PI is also important for retrograde transport of

lysosomes by recruiting AnkB, a membrane-binding protein, which subsequently recruits

dynein by interacting with dynactin (Lorenzo et al., 2014). Similarly, PI activates the

lysosomal calcium channel TRPML1, releasing calcium from the lysosome (Li et al.,

2016). The local flux of calcium recruits the calcium-sensing, and dynein-binding,

protein ALG2 triggering retrograde lysosome transport. Collectively, these studies

demonstrate an important role of charged phospholipids in regulating both anterograde

and retrograde lysosome transport by recruiting motor proteins and adaptors.

Motor proteins and their adaptors are recruited and activated at cholesterol-rich

membrane microdomains called lipid rafts (Chen et al., 2008; Klopfenstein et al., 2002).

Lipid rafts enhance the transport velocity of vesicles and increase their processivity over

long distances by two general mechanisms. First, lipid rafts cluster motor proteins, cargo

adaptors, and other accessory proteins involved in transport (Mallik, 2019; Klopfenstein

et al., 2002). By clustering the machinery necessary for transport, lipid rafts increase their

probability of interacting and activating motor proteins. Additionally, multiple

https://www.sciencedirect.com/science/article/pii/S0955067416301545
https://www.sciencedirect.com/science/article/pii/S0092867402007080
https://www.molbiolcell.org/doi/full/10.1091/mbc.e04-04-0326
https://www.science.org/doi/abs/10.1126/science.1152066
https://rupress.org/jcb/article/220/10/e202105011/212488/Specific-KIF1A-adaptor-interactions-control
https://rupress.org/jcb/article/220/10/e202105011/212488/Specific-KIF1A-adaptor-interactions-control
https://www.sciencedirect.com/science/article/pii/S0092867402007080
https://www.biorxiv.org/content/biorxiv/early/2021/01/21/2021.01.20.427326.full.pdf
https://rupress.org/jcb/article/207/6/735/37913
https://www.nature.com/articles/ncb3324
https://www.nature.com/articles/ncb3324
https://www.sciencedirect.com/science/article/pii/S0006349508706660
https://www.sciencedirect.com/science/article/pii/S0092867402007080
https://www.nature.com/articles/s41580-019-0189-0
https://www.sciencedirect.com/science/article/pii/S0092867402007080
https://www.sciencedirect.com/science/article/pii/S0092867402007080
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membrane-bound motors can function as a team by transporting along microtubules

simultaneously (Rai et al., 2016; Mallik et al., 2013). Thus the clustering of motor

proteins in lipid rafts facilitates the cooperative activity of multiple motors, increasing the

processivity and run length (distance) of transport events. And second, the rigidity of

lipid rafts promotes transport by reducing protein diffusion in the membrane, thereby

reducing the slippage of motor proteins on the surface of the vesicle, and increasing force

generation during transport (Grover et al., 2016). For example, during the transport of

artificial vesicles in vitro, the membrane-anchored portion of kinesin-1 can diffuse in the

membrane its attached to and this reduces its force generation. Increasing the rigidity of

vesicles by loading them with cholesterol reduces the diffusion of transport proteins on

the membrane and thereby increases velocity. Both kinesin and dynein utilize lipid rafts

for efficient transport. The dynein adaptor ORP1L, for example, uses a cholesterol-

binding domain to localize within lipid rafts of lysosomes where it clusters dynein motors

and adaptors to promote transport (Figure 1.4; Pathak & Mallik, 2017; Johansson et al.,

2007). Similarly, the binding of KIF1A with PI is enhanced by the addition of cholesterol,

which facilitates the clustering of PI, and therefore KIF1A, promoting cooperative motor

engagement (Klopfenstein et al., 2002). The addition of spermine, a compound that

clusters acidic phospholipid in membranes (Denisov et al., 1998), also promoted KIF1A

motility. Collectively, these studies demonstrate the importance of lipid rafts in axonal

transport.

https://www.sciencedirect.com/science/article/pii/S0092867415017183
https://www.sciencedirect.com/science/article/pii/S0962892413000998
https://www.pnas.org/content/113/46/E7185.short
https://rupress.org/jcb/article/176/4/459/34419
https://rupress.org/jcb/article/176/4/459/34419
https://www.sciencedirect.com/science/article/pii/S0092867402007080
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Figure 1.4. The lipid composition of vesicles influences axonal transport.
The recruitment of proteins involved in axonal transport, including multiple kinesins, their
adaptors, or dynein, are promoted by specific lipids, such as phosphorylated phosphatidylinositol
(e.g., PI(3)P or PI(3,5)P). Cholesterol, which primarily occupies lipid rafts, has particularly
important roles in recruiting and clustering dynein to mediate retrograde transport. (Pathak &
Mallik, 2017).

Disorders of lysosomal function are associated with disruptions to the

composition of the lysosomal membrane, which, in turn, could disrupt its axonal

transport. For example, lysosomal cholesterol accumulation (induced with inhibition or

knockout of the lysosomal cholesterol exporter NPC) reduces anterograde lysosomal flux

and triggers autophagic vesicle accumulation in axons (Roney et al., 2021).

Mechanistically, excess lysosomal cholesterol increases the formation of lipid rafts which

subsequently sequesters the kinesin adaptor Arl8 and its motor kinesin-1. Cholesterol-

laden lysosomes also traffic abnormally in non-neuronal cells. For example, in HeLa cells,

anterograde transport of cholesterol-laden lysosomes is deficient due to the aberrant

accumulation of the Rab7, a GTPase that recruits dynein via the ORP1L adaptor (Figure

1.4; Mallik, 2017; Lebrand et al., 2002). By recruiting and activating dynein, the

cholesterol-dependent accumulation of Rab7 interferes with the ability of lysosomes to

switch directions and traffic anterogradely. Mutations in lysosomal enzymes that

https://www.sciencedirect.com/science/article/pii/S1534580721003075
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catabolize lipids also disrupt lysosome membrane composition and could affect motor

protein activation on the lysosomal membrane. For example, in primary cortical neurons

with deletions in the lysosomal enzyme GALC, a beta-galactosylceramidase that

catabolizes the glycolipid galactosylceramide, retrograde lysosomal transport is

decreased (Teixeira et al., 2015). Severe mutations in GALC cause the LSD Krabbe’s

Disease (Suzuki et al., 1970), and GALC variants are also associated with PD (Chang et

al., 2017). Galactosylceramide is a GSL similar in structure to glucosylceramide

(replacing glucose with galactose), and also localizes lipid rafts. In the brains of patients

with Krabbe’s Disease, galactosylceramide accumulates in lipids rafts disrupting their

composition (White et al., 2009). In turn, this could interfere with the recruitment or

activation of motor proteins like dynein. Thus, the lipid composition of lysosomes is an

important factor in their transport, and disorders associated with lysosomal lipid

accumulation could perturb lysosomal transport.

Although proteins facilitate the transport of vesicles, other properties such as

membrane composition and vesicle size also regulate transport efficiency. Because

mutations in the lysosomal enzyme GCase affect lysosomal membrane composition and

size (Hein et al., 2017; Hein et al., 2008; Garcia-Sanz et al., 2017; Fernandes et al., 2016;

Westboek et al., 2016), I decided to investigate whether inhibition of GCase influences

lysosomal transport. In the next section, I discuss GBA, its substrate GC, and its

relationship to neurodegenerative disease.

1.5. Glucocerebrosidase

Glucocerebrosidase (GCase) is a lysosomal enzyme, encoded by the GBA gene,

that breaks down the glycosphingolipid (GSL) glucosylceramide (GC) into glucose and

ceramide. Mutations in GBA reduce its catalytic activity causing the accumulation of GC,

and its derivative glucosylsphingosine (GS), in lysosomes, resulting in the most common

lysosomal storage disorder, Gaucher’s Disease (GD). In this section, I discuss the

genetics of GBA, and its association with a group of disorders termed synucleinopathies,

which includes Parkinson’s Disease (PD). I discuss the fate and function of its substrate

GC and the role of its accumulation in disorders of GCase deficiency. I then discuss the

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4307018/
https://www.jneurosci.org/content/jneuro/29/19/6068.full.pdf
https://www.sciencedirect.com/science/article/pii/S1096719217302123
https://www.tandfonline.com/doi/full/10.1080/15548627.2018.1427396
https://www.sciencedirect.com/science/article/pii/S2213671116000308
https://journals.biologists.com/dmm/article/9/7/769/3797
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pathobiology of synucleinopathies, and the enigmatic relationship between GC and α-

synuclein, a protein that is critical in the pathogenesis of synucleinopathies.

Homozygotic mutations in GBA cause the autosomal recessive lysosomal storage

disorder Gaucher's Disease (GD). GD was first described in 1882 by French chemist

Phillippe Gaucher who characterized the splenic accumulation of lipid-laden cells termed

Gaucher cells. Gaucher cells, the cardinal feature of GD, are macrophages that massively

accumulate GC in lysosomes from the apoptotic remnants of dead and senescent cells,

and are eventually collected in the spleen causing it to enlarge. GD patients present with

many other clinical features, and a subset of patients develop neurological symptoms,

including parkinsonism, intellectual disability, and progressive dementia. To account for

the occasional neurological phenotype, GD is categorized into three subtypes; type 1,

minor or no neurological impairment; type 2, acute early-onset and severe neurological

impairment; and type 3, late-onset and progressive neurological impairment. Although

mutations in GBA reduce its catalytic activity, the clinical phenotype of GD is only

moderately correlated to the degree of catalytic dysfunction (Sidransky, 2004).

Furthermore, identical mutations can produce wildly different clinical manifestations,

ranging from asymptomatic to severe neuropathic GD (Zlotogora et al., 1986). Thus,

although GD is a monogenic disorder caused by GBA mutations, the phenotypic

heterogeneity underscores the complexity of GBA and its relationship to disease.

Patients with GD occasionally present with progressive cognitive decline and

parkinsonism. The link between GBA and neurodegeneration grew substantially

following a series of genetic studies identifying an unusually high incidence of PD in GD

families (Tayebi et al., 2003; Alpan et al., 2004), later corroborated by larger population-

level genetic studies (Zhang et al., 2018). Overall, the risk of developing PD in GD

patients is roughly 10%. Importantly, heterozygotic GBA mutation carriers who never

develop GD are still at significant risk of developing PD. In total, about 10-15% of PD

patients carry mutations in GBA, conferring an odds ratio of 2.8-21.3, depending on the

severity of the GBA mutation (Sidransky et al., 2009; Gan-Or et al., 2015). The low

penetrance of GBA mutations suggests they enhance or aggravate the course of PD.

Indeed, compared to idiopathic PD (iPD) cases, GBA-PD is typically more severe and

https://www.sciencedirect.com/science/article/pii/S1096719204002240
https://jmg.bmj.com/content/jmedgenet/23/4/319.full.pdf
https://www.sciencedirect.com/science/article/abs/pii/S1096719203000714
https://jmg.bmj.com/content/41/12/937.long
https://www.hindawi.com/journals/pd/2018/3136415/
https://www.nejm.org/doi/full/10.1056/NEJMoa0901281
https://n.neurology.org/content/84/9/880.short
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progresses more rapidly to dementia (Caminiti et al., 2021). In the related disease

Dementia with Lewy Bodies (DLB), which pathologically resembles a blend between PD

and Alzheimer's Disease, GBA mutations are among only a couple of genetic risk factors

that have been identified (Rongve et al., 2019; Shiner et al., 2016). Similarly, GBA

mutations are one of only a few identified risk factors for Multiple Systems Atrophy

(MSA), a rare but devastating neurodegenerative disorder that shares many

neuropathological hallmarks of PD and DLB (Sklerov et al., 2017; Mitsui et al., 2015).

Collectively, PD, DLB, and MSA are a group of disorders termed synucleinopathies

characterized by the aggregation, and prion-like spread, of the protein alpha-synuclein.

The genetic relationship between GBA and synucleinopathies indicates a critical

pathogenic link between GBA and α-synuclein, discussed later.

GCase degrades GC, a membrane glycosphingolipid (GSL) in lysosomes. GC is

synthesized from the glucosylation of ceramide by glucosylceramide synthase at the ER

and Golgi membrane (Tettamanti et al., 2003). After synthesis, GC is flipped into the ER

and used to either construct more complex GSLs or is transported to the outer leaflet of

the plasma membrane, where it is most abundant. Eventually, GC is endocytosed and

transported either to lysosomes for degradation, or back to the Golgi to construct complex

glycolipids (Kok et al., 1991; Puri et al., 2001). GC is the precursor to more complex

GSLs and is therefore immensely important to the metabolism of GSLs broadly. For

example, GC, composed of ceramide and a monosaccharide (glucose), is essential for the

anabolism of gangliosides, a type of GSL composed of ceramide and an oligosaccharide

chain (e.g., GM1, GM2, and GM3). Moreover, the catabolism of GC is one of the key

mechanisms of salvaging ceramide and its downstream metabolites (e.g., sphingosine,

sphingomyelin) from GSLs (Tettamnti et al., 2003). In the membrane, GSLs such as GC

localize to cholesterol-rich microdomains termed lipid rafts. Lipid rafts are tightly packed

and ordered regions of the lipid bilayer that facilitate protein-lipid interactions, thereby

regulating multiple signaling pathways, such as insulin receptor signaling, and recruiting

motor proteins, such as dynein or KIF1A, to initiate transport (Rai et al., 2016;

Klopfenstein et al., 2004). GCase is thus important for controlling the cellular levels of

GC and regulating GSL metabolism, which could affect protein-lipid interactions at lipid

rafts.

https://movementdisorders.onlinelibrary.wiley.com/doi/abs/10.1002/mds.28818
https://www.nature.com/articles/s41598-019-43458-2
https://jamanetwork.com/journals/jamaneurology/fullarticle/2565827
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5614491/
https://onlinelibrary.wiley.com/doi/full/10.1002/acn3.185
https://www.sciencedirect.com/science/article/pii/S0300908403000476?casa_token=ZpU0mYe1ouIAAAAA:oGgLXZDmAn5iVNPqWrgMqGPMTTL1QUdMJfEBRmkH0Woz2nQNjcoN5oBdUBB3LeSG-HbCYVNtR_o
https://pubmed.ncbi.nlm.nih.gov/2071671/
https://rupress.org/jcb/article/154/3/535/32287
https://www.sciencedirect.com/science/article/pii/S0300908403000476?casa_token=ZpU0mYe1ouIAAAAA:oGgLXZDmAn5iVNPqWrgMqGPMTTL1QUdMJfEBRmkH0Woz2nQNjcoN5oBdUBB3LeSG-HbCYVNtR_o
https://www.sciencedirect.com/science/article/pii/S0092867415017183
https://reader.elsevier.com/reader/sd/pii/S0092867402007080?token=AF5FFAC48A4B894A9B88AB197742AB1F78646F373CEA36D3A607F758BB32A5A3D308C25E69FF379836E630727B79A6DA&originRegion=us-east-1&originCreation=20211217195547
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1.6. GCase & Lysosome Dysfunction

Mutations in GCase are commonly associated with defects in lysosomal function.

Lysosomes are a major focus in GCase-associated disorders because, as a resident

lysosomal enzyme, catalytic deficiencies of GCase cause substrate accumulation most

prominently in lysosomes (Leanne et al., 2008). Furthermore, GBA2, a cytosolic GCase

that is upregulated in GD cells, catabolizes excess GC that escapes from lysosomes into

other compartments, thereby limiting the spillover of GC from the lysosome (Korschen et

al., 2013 Burke et al., 2012). The effect of GCase deficiency on lysosomal function is

studied in a range of models, including in vitro models using cells derived from induced

pluripotent stem cells (iPSCs) from GD patients, primary cells from animal models of

GD, or in cells treated with the irreversible catalytic GCase inhibitor Conduritol B

Epoxide (CBE). In these models, the activity of multiple lysosomal enzymes, besides

GCase, are reduced (Sanyal et al., 2020; Bae et al., 2015; Panicker et al., 2018), and

lysosomal pH increased (Chakraborty et al., 2017; Sillence, 2013; Sanyal et al., 2020),

resulting in the accumulation of autophagosomes and protein aggregates. Although

GCase deficiency disrupts many other cellular functions, such as mitochondrial activity,

these are likely downstream consequences of lysosomal dysfunction (Figure 1.5; Platt et

al., 2012). For example, GCase deficiency reduces the autophagic turnover of

dysfunctional mitochondria, resulting in the accumulation of defective mitochondria in

neurons (Li et al., 2017; Moren et al., 2019; Gegg & Schapira, 2016). Thus, reduced

GCase activity primarily disrupts lysosomal function, but other processes dependent on

lysosomes, including autophagy, are also affected.

A primary consequence of lysosomal dysfunction is the disruption of proteostasis

and the accumulation of lysosomal substrates (Figure 1.5; Platt et al., 2012). In models of

GCase deficiency, these defects are commonly observed, providing evidence for

defective lysosomal function. For example, markers of protein aggregation and

autophagosomes (p62 and LC3, respectively) are increased in fibroblasts and iPSC-

derived dopamine neurons from GBA-PD patients compared to age-matched controls

(Sanz et al., 2017; Bogetofte et al., 2021), indicating deficiencies in lysosomal

degradation. P62 and LC3 levels are also increased in iPSC-derived neurons and

https://www.sciencedirect.com/science/article/pii/S0022227520346915?via%3Dihub
https://www.jbc.org/article/S0021-9258(20)46452-X/fulltext
https://www.jbc.org/article/S0021-9258(20)46452-X/fulltext
https://onlinelibrary.wiley.com/doi/pdf/10.1007/s10545-012-9561-3
https://internal-journal.frontiersin.org/articles/10.3389/fnins.2020.00442/full
https://www.nature.com/articles/emm2014128
https://academic.oup.com/hmg/article/27/5/811/4782495
https://elifesciences.org/articles/28862
https://www.sciencedirect.com/science/article/pii/S1096719213001042
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8167931/
https://www.tandfonline.com/doi/full/10.1080/15548627.2018.1509818
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6914435/
https://www.sciencedirect.com/science/article/pii/S096999611530053X
https://movementdisorders.onlinelibrary.wiley.com/doi/abs/10.1002/mds.27119?casa_token=soY9ctTJS6oAAAAA%3At4TiYNXOCtWMMGGyQmPFLEOy7gbEkgJ1_9NI3L9dD_ZCaAwKBGjyGnGcBA1pL7EZNwcXTELAIaoX-nTzgg
https://www.biorxiv.org/content/10.1101/2021.06.30.450333v1.full.pdf
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fibroblasts, respectively, in GD patients (Brown et al., 2019; Mata et al., 2015). Similarly,

GCase deletion or siRNA increases p62 and LC3 in neurons (Kim et al., 2018; Magalhaes

et al., 2016; Bae et al., 2015). In primary cortical neurons, CBE-mediated inhibition of

GCase also increases p62 and LC3 and causes a general increase in insoluble misfolded

protein as well (Magalhaes et al., 2016; Henderson et al., 2020). In animal models of

GCase dysfunction, levels of p62, LC3, or ubiquitin are increased in brain tissue

(Kinghorn et al., 2016; Jewett et al., 2021; Uemura et al., 2015; Rocha et al., 2015;

Osellame et al., 2013; Sun et al., 2010). The loss of GCase activity also promotes the

aggregation of α-synuclein (Taguchi et al., 2017), possibly as a consequence of disrupted

proteostasis, as is discussed later. Although these studies were conducted in a range of

animal and cellular models, they collectively indicate that the loss of GCase disrupts

lysosomal function resulting in autophagic waste accumulation.

https://journals.biologists.com/dmm/article/12/10/dmm038596/223312/mTOR-hyperactivity-mediates-lysosomal-dysfunction
https://www.nature.com/articles/srep10903
https://academic.oup.com/hmg/article/27/11/1972/4951460
https://academic.oup.com/hmg/article/25/16/3432/2525806
https://academic.oup.com/hmg/article/25/16/3432/2525806
https://www.nature.com/articles/emm2014128
https://academic.oup.com/hmg/article/25/16/3432/2525806
https://www.sciencedirect.com/science/article/pii/S0896627319310463
https://www.jneurosci.org/content/jneuro/36/46/11654.full.pdf
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1008859
https://journals.plos.org/plosgenetics/article?id=10.1371/journal.pgen.1005065
https://www.liebertpub.com/doi/pdfplus/10.1089/ars.2015.6307
https://www.sciencedirect.com/science/article/pii/S1550413113001575
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Figure 1.5. Lysosomal storage disorders cause complex cellular dysfunctions.
Although lysosomal storage disorders are typically monogenic and principally result in
insufficient enzymatic activity, their downstream consequences affect many cellular organelles
and pathways. A shared hallmark of LSDs is the accumulation of enzymatic substrates, but the
secondary accumulation of other macromolecules, like cholesterol, is also common to LSDs. As a
result of lysosomal dysfunction, autophagosomes or protein aggregates accumulate and lead to
the dysfunction of other organelles like mitochondria. (Platt et al., 2012).

The mechanism by which GCase deficiency disrupts lysosomal function is not

understood but likely results from the membrane accumulation of lipids such as GC. For

example, as a result of GC accumulation, cells from GD patients have increased plasma

membrane rigidity and compactness (Pavievic et al., 2017; Varela et al., 2016). Similarly,

following CBE treatment, membrane rigidity and viscosity increase, leading to reduced

membrane protein diffusion and interfering with dynamic membrane processes like

endocytosis (Leanne et al., 2008). Alterations in membrane fluidity are likely due to the

https://www.degruyter.com/document/doi/10.1515/hsz-2017-0241/html
https://pubs.rsc.org/en/content/articlehtml/2016/cp/c6cp07227e?casa_token=H8uAjeMayUgAAAAA:lf1DidpmwL611Wc_uxlE4326jwnbEnaiFZD5BY7Ixeh0Fb-UpuGkK-CLi6hdwnuP1LUF96OAU2pvFmgi
https://www.sciencedirect.com/science/article/pii/S0022227520346915?via%3Dihub
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accumulation of GC into lipid rafts, which disrupts their composition and increases the

overall fraction of membrane containing lipid rafts (Pavievic et al., 2017; Varela et al.,

2013). Interestingly, acidification increases the miscibility of GC in phospholipid bilayers,

thereby increasing, rather than decreasing, membrane fluidity (Varela et al., 2016; Varela

et al., 2014). Additionally, at an acidic pH, GC accumulation reduces the surface charge

of the membranes causing it to become more electronegative (Varela et al., 2016).

Because lipid rafts, and membrane fluidity and charge, influence the recruitment of motor

proteins (Anton et al., 2021; Grover et al., 2016; Klopfenstein et al., 2004), the lysosomal

accumulation of GC could affect lysosomal transport.

Although GCase deficiency leads to a pronounced accumulation of GC, the level

of various other lipids are also altered, and possibly contribute to the disruption of

membrane properties. For example, in GD patient serum, the levels of GM3, a

ganglioside derived from GC, are increased (Vlugt et al., 2008). A similar phenomenon

occurs in infantile GD fibroblasts, whereby excess GC is shunted into the anabolic

construction of gangliosides that ultimately accumulate in the plasma membrane (Saito &

Rosenberg, 1985). Lipidomic analysis of urine and plasma from GD patients reveals

increases in the level of various phospholipids, including PI (Byeon et al., 2015).

Whereas the accumulation of gangliosides indicates the shunting of GC into anabolic

pathways, the secondary accumulation of phospholipids likely reflects a general

dysfunction in lysosomal activity and an overall reduction in lipid catabolism.

Additionally, as discussed in the next section, GCase is responsible for the glucosylation

of cholesterol, which increases the solubility of cholesterol, and this could also have

important implications for membrane function (Akiyama et al., 2013). Collectively, the

loss of GCase activity, and the resulting lipid dyshomeostasis, disrupts the biophysical

properties and the composition of membranes and could affect processes that occur on

lysosomal membranes, such as the activation of motor proteins.
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Figure 1.6. Lysosomal membrane-dependent pathways.
Many important processes are orchestrated and regulated on the lysosomal membrane by the local
composition of lipids. The phosphorylation status of phosphatidylinositol, for example, can affect
lysosome fusion with autophagosomes or late endosomes, lysosome reformation, or the
recruitment of motor proteins like KIF5B. In addition, the lysosomal calcium channel TRPML1
can be activated by PI, leading to calcium flux and the recruitment of ALG2, a dynein adaptor.
Araujo et al., 2019).

The increased concentration of GC, or other lipids, in the lysosomal membrane

could interfere with membrane dynamics or protein-membrane interactions, affecting

important lysosomal processes (Figure 1.6; Araujo et al., 2019). For example, as

discussed above, the lysosomal membrane regulates the recruitment and activation of

transport machinery and thereby influences rates of axonal transport. Additionally, the

machinery involved in lysosomal reformation (e.g., KIF5B), which regulates lysosome

size, is recruited by lysosomal microdomains (Figure 1.6; Araujo et al., 2019; Du et al.,

https://www.sciencedirect.com/science/article/pii/S1534580716302349
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2016). The lipid composition of lysosomal membranes also affects their permeability,

thereby influencing their propensity to rupture (Lie et al., 2020; Johansson et al., 2010).

Changes in the composition of the lysosomal membrane can also interfere with the

destruction of its cargo. For example, the fusion of lysosomes with pre-degradative

organelles, such as autophagosomes, is disrupted by changes in lysosomal lipid

composition (Koga et al., 2010). Collectively, these studies demonstrate that a variety of

lysosomal pathways are regulated by the lipid composition of its membrane. In the

current thesis, I investigated lysosomal transport, as well as lysosomal rupturing and

exocytosis, because these are each lysosomal processes modulated by the composition of

the lysosomal membrane and are implicated in synucleinopathies. In the next section, I

discuss GBA and neurodegeneration with an emphasis on its relationship to

synucleinopathies.

1.7. GCase & Neurodegeneration

GCase is a ubiquitously expressed enzyme and is important for normal brain

function by regulating the levels of GC and its derivative GS. The activity of GCase is

detected throughout the brain and is active in both neurons and glia (Chao et al., 2015).

Particularly high levels of GCase activity are detected in dopaminergic neurons of the

substantia nigra, which are the primary neuron population affected in PD (Chiasserini et

al., 2015). In the brain, GCase deficiency leads to the accumulation of its substrate GC,

and its levels correlate with regions of neurodegeneration (Gonradi et al., 1984; Jones et

al., 2017; Farfel-Becker et al., 2013). A portion of excess GC is converted into

glucosylsphingosine (GS), a deacetylated derivative of GC that is strongly implicated in

the pathogenesis of GD and PD. The levels of GS in the brain, like GC, also increase in

disorders associated with GBA dysfunction, but more dramatically (Nilsson &

Svennerholm, 1982; Orvisky et al., 2002; Taguchi et al., 2017). Regardless, GCase

activity is principally important for regulating GC and GS, and, in patients and animal

models of GD, the accumulation of these lipids correlates with neurodegenerative

pathology.
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Apart from degrading GC, GCase also mediates the glucosylation of cholesterol.

GCase can synthesize or degrade glucosylcholesterol (GluChol), depending on the local

availability of glucose acceptors (cholesterol and ceramide) and donors (GluChol and

GC). However, under basal conditions, GCase activity favors the degradation of GluChol

in the lysosome (Marques et al., 2016). GBA mutations have previously been linked to

cholesterol accumulation (Ron & Horowitz, 2008; Hein et al., 2007; Sanz et al., 2017)

and, more recently, to specifically elevate GluChol levels in GD patients and cell models

(Marques et al., 2016). The removal of glucose from cholesterol by GCase reduces the

solubility of cholesterol and likely has important implications for its function, but the

physiological relevance of GluChol is poorly understood. Regardless, the discovery is

notable because injection of a structurally similar glucosylated sterol, β-sitosterol d-

glucoside, into mice selectively destroys dopamine neurons, inducing the formation of

Lewy bodies and causing a PD-like disease (Kampen et al., 2015; Soto-Rojas et al., 2020,

Soto-Rojas et al., 2020), suggesting an important uninvestigated connection between

glucosylated sterols, GCase, and neurodegeneration (Rafael Franco et al., 2018).

Furthermore, the dysregulation of cholesterol metabolism is implicated in the

pathogenesis of GD and GBA-associated synucleinopathies (Macias-Garcia et al., 2021;

Ginsberg et al., 1984; Sanz et al., 2017). These studies illustrate the complexity of

GCase’s catalytic activity, but the most well-studied consequence of GCase deficiency is

the accumulation of its substrates GC and GS.

The loss of GCase activity causes the accumulation of its substrate in the brain

resulting in various neurodegenerative lesions (Wong et al., 2004; Kaye et al., 1986). In

human GD patients with severe neurological involvement, neuron death is most

pronounced in the cerebral cortex and hippocampus, although many other regions are

affected (Wong et al., 2004). In GD patients with parkinsonism, the substantia nigra is

always affected and these patients typically develop Lewy body pathology, reaffirming

the relationship between GD and PD. A consistent hallmark of neuropathic GD is

widespread astro- and microgliosis and the accumulation of perivascular Gaucher cells

(macrophages) (Wong et al., 2004). The perivascular deposition of GC-engorged

Gaucher cells correlates with neurodegeneration and might contribute to neuron death by

restricting capillary blood flow or releasing proinflammatory cytokines (Burrow et al.,
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2015; Panicker et al., 2013; Smith et al., 2017). In mouse, fly, and zebrafish animal

models, GCase deficiency also causes the formation of axonal varicosities, perhaps from

an accumulation of aggregated protein, autophagosomes, or α-synuclein (Sun et al., 2010;

Xu et al., 2011; Sun & Grabowski, 2010; Uemura et al., 2015; Henderson et al., 2020).

Axonal varicosities also occasionally form in human GD patients (Burrow et al., 2015;

Kaye et al., 1986), although neurodegenerative changes vary by neuron population and

between patients. Regardless, because lysosomes are essential for the maintenance of

proteostasis in axons, the presence of axonal dystrophy could indicate deficiencies in the

axonal transport of lysosomes. Collectively, severe GCase deficiency in the brain causes

a range of neuropathologies, but the most consistent hallmarks are neuron loss, gliosis,

and, in animal models, axonal varicosities.

Although reduced GCase causes GC/GS accumulation and neurodegenerative

lesions in GD patients, the role of GC/GS in GBA-PD is less clear. GBA-PD, and even

iPD, patients consistently show decreases in activity of GCase in the blood (Pchelina et

al., 2017; Ortega et al., 2016; Alcalay et al., 2015), cerebral spinal fluid (Parnetti et al.,

2017), brain homogenate (Moors et al., 2019), and patient fibroblasts and iPSC-derived

neurons (Woodard et al., 2014; Fernandes et al., 2016; Thomas et al., 2021; Collins et al.,

2017). In addition, the degree of GCase activity disruption is correlated to the severity of

PD symptoms (Thaler et al., 2018), although another study did not observe this

correlation (Omer et al., 2021). Interestingly, brain GCase activity also decreases with

normal aging in humans and mice and is associated with GS/GC accumulation (Rocha et

al., 2015; Huebecker at al., 2019), possibly contributing to the age-dependent onset of PD.

In animal models of GBA-PD and iPSC-derived neurons from GBA-PD patients,

blocking the synthesis of GC, which prevents GC accumulation, is protective, suggesting

GC accumulation contributes to the neuropathology of synucleinopathy (Sardi et al.,

2017; Burbulla et al., 2020; Viel et al., 2021). Importantly, however, blocking GC

biosynthesis in PD patients is not beneficial, but rather hastens cognitive decline, despite

reducing GC in plasma and CSF (Sanofi, 2021). Regardless, these studies demonstrate an

important relationship between GCase activity and disease pathogenesis.
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The enzymatic activity of GCase is diminished in GBA-PD, but GC does not

substantially accumulate as a result. Brain homogenate from GBA-PD patients does not

show any increases in the overall abundance of GC or GS compared to iPD or age-

matched controls (Gegg et al., 2015; Boutin et al., 2016), although a recent report did find

increases in GC/GS in the plasma of GBA-PD patients (Surface et al., 2021).

Interestingly, GC and GS accumulate in the substantia nigra of iPD patients compared to

healthy age-matched controls (Huebecker et al., 2019), but this conflicts with another

report demonstrating no change of GC in the cerebral spinal fluid of iPD patients (Niimi

et al., 2020). One possible explanation for the lack of brain substrate accumulation in PD

is that residual GCase activity, or GBA2, sufficiently catabolizes GC, or that excess

GC/GS is shunted into other GSLs (e.g., GM1, GM2, GM3) that were not analyzed. It is

also plausible that a subcellular and localized accumulation of GC/GS, for example in

neuronal lysosomes, is masked by the total extra-lysosomal cellular GC/GS and from the

more abundant surrounding glial cells. Supporting this notion, iPSC-derived neurons

from GD and GBA-PD patients show increased GC (Aflaki et al., 2016; Burbulla et al.,

2020), although one study did not find increased GC in iPSC-derived neurons from GBA-

PD patients with the minor N370S mutations (Fernandes et al., 2016). Regardless, GC

does not obviously accumulate in the brain of GBA-PD patients as it does in GD, but a

more subtle accumulation of GC, or shunting to other GSLs, cannot be ruled out.

GBA mutations are the most prominent genetic risk factor associated with PD and

its related disorders DLB and MSA, collectively termed synucleinopathies.

Synucleinopathies are a heterogeneous group of neurodegenerative disorders that are all

related by the distinct aggregation of alpha-synuclein (α-synuclein) into large perinuclear

inclusions called Lewy bodies. α-synuclein is a small 140 amino acid protein that is

primarily involved in synaptic function but also has important roles in other processes

such as axonal transport and microtubule dynamics (Emamzadeh, 2016). Despite

constituting roughly 1% of total neuronal protein by mass, α-synuclein is not essential for

normal brain function or development (Specht& Schoepfer, 2001; Senior et al., 2008).

However, autosomal dominant mutations in α-synuclein, such as the A53T mutation, are

sufficient to cause early-onset synucleinopathy, indicating a gain of function mechanism

of action. Mechanistically, α-synuclein mutations accelerate its aggregation and stabilize
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pathogenic oligomeric conformations (Narhi et al., 1999). Additionally, rare duplications

and triplications in the α-synuclein gene (SNCA) cause severe early-onset

synucleinopathy (Singleton et al., 2003), suggesting α-synuclein expression promotes

neurodegeneration in a dose-dependent manner, which is strongly supported by animal

models and in vitro studies (Courte et al., 2020; Perren et al., 2015). The overexpression

of α-synuclein likely contributes to disease by increasing the propensity of α-synuclein

monomers to oligomerize. Although the pathophysiology of synucleinopathies is

exceedingly complex, a consensus has emerged that α-synuclein aggregates into

oligomers that possess prion-like properties, and this process is least partially responsible

for causing disease (Volpicelli-Daley & Brundin, 2018; Dehay et al., 2015).

Mutations in GBA, or inhibition of its activity, exacerbate the prion-like spread

and deposition of α-synuclein aggregates between neurons both in vitro and in vivo

(Challis et al., 2020; Ikuno et al., 2019; Papadopoulos et al., 2018; Egg et al., 2020;

Henderson et al., 2020). However, the precise mechanism by which GBA mutations

accelerate or promote α-synuclein aggregation is not understood. One possibility is that

GBA mutations interfere with lysosomal axonal transport to promote α-synuclein

aggregation in synapses, a model consistent with several observations. For example,

deficiencies in the axonal transport of lysosomes are known to interfere with synaptic

proteostasis and trigger protein aggregation (Farfel-Becker et al., 2019; Roney et al.,

2021; Farias et al., 2017), and one study specifically demonstrates α-synuclein

aggregation following lysosomal transport dysfunction (Farfel-Becker et al., 2019).

Furthermore, α-synuclein is degraded almost exclusively by lysosomal proteases

(Stefanis et al., 2019; Seviever et al., 2008; McGlinchey & Lee, 2015), and because α-

synuclein aggregation initiates in distal synapses (Schaeffer, 2010; Nakata et al., 2012;

Weston et al., 2021), a deficiency in the synaptic localization of lysosomes to degrade α-

synuclein could contribute to α-synuclein’s aggregation. In turn, α-synuclein

accumulation disrupts the trafficking of lysosomal hydrolases from the golgi to the

lysosome, triggering a vicious cycle of lysosomal impairment and α-synuclein

aggregation (Mazzulli et al., 2016). Although α-synuclein pathology is consistently

studied in the context of GD, other LSDs also develop α-synuclein pathology (Pchelina et

al., 2014; Ysselstein et al., 2019). Furthermore, variants in other lysosomal enzymes
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besides GCase are linked to PD and DLB (e.g., GALC, CTSB, SMPD1) (Robak et al.,

2017; Clark et al., 2015; Kia et al., 2021), suggesting a general dysfunction of lysosomes,

for example in their axonal transport, could trigger α-synuclein aggregation. Thus, I

hypothesized that inhibition of GCase would disrupt lysosomal transport and this could

provide mechanistic insight into how GCase contributes to α-synuclein aggregation.

In summary, GCase is a lysosomal enzyme that causes GD but is also a major risk

factor for synucleinopathies. Following its mutation, the activity of GCase is decreased

resulting in the accumulation of GC and its derivative GS. In cells, the buildup of GC and

GS compromises lysosomal function causing proteostatic defects, possibly by disrupting

lysosomal membrane composition or size. In neuropathic GD, GCase deficiency likely

causes neurodegeneration due to the massive accumulation of GC and GS, but the

relationship between GC/GS and synucleinopathies is complicated. Although GCase

enzyme activity and α-synuclein pathology are linked, their etiological relationship is

unknown. One possibility is that GC/GS accumulation could disrupt lysosomal transport,

a process critical for proteostasis in axons, and trigger synaptic α-synuclein aggregation.

Thus, I decided to investigate whether inhibition of GCase could affect lysosomal

transport, which would provide insight into the pathogenesis of synucleinopathies.

1.8. Project Overview

The primary goal of my thesis was to determine if blocking GCase activity

disrupts lysosomal transport. Lysosomal transport is critical for the maintenance of

neuronal proteostasis, and its dysfunction might promote α-synuclein aggregation, which

is an important link between GD and PD. Because loss of GCase changes the

composition and size of lysosomes, and these are important factors in lysosomal transport,

I hypothesized that disrupting GCase activity would interfere with the axonal transport of

lysosomes. To test this idea, I inhibited GCase activity in iPSC-derived neurons and

assayed lysosomal transport with live-cell imaging. Although studying lysosomal

transport was my primary aim, I also investigated other important lysosomal processes,

including exocytosis and rupture, because these may also be altered by changes in

lysosomal membrane composition. The two primary aims of my thesis are:
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1. Determine if CBE treatment disrupts lysosomal transport dynamics in

iPSC-derived neurons.

Lysosomal transport is critical for neuronal survival by maintaining

proteostasis in axons and synapses. The inhibition of GCase could affect rates

of axonal transport, for example by altering the membrane composition or size

of lysosomes, and thereby contribute to neurodegeneration. Additionally,

lysosomal exocytosis, a process dependent on, and regulated by, active

transport, could also be disrupted. As such, I investigated if loss of GCase

activity contributes to neuronal dysfunction by altering the efficiency of

lysosomal transport or exocytosis.

2. Determine if CBE treatment alters lysosome size or membrane

permeability.

Changes in lysosomal lipid composition as a result of GCase inhibition by

CBE could influence the size of lysosomes or their propensity to rupture. The

regulation of lysosomal size depends on processes activated at the lysosomal

membrane, and could therefore be altered by changes in lipid composition.

Furthermore, increased lysosomal size is linked to reduced rates of lysosomal

transport. Lysosomal rupturing is another pathway regulated by lysosome

membrane composition. Moreover, lysosome rupturing is essential for the

prion-like spread of α-synuclein, and can occur from excessive substrate

storage in LSDs. Thus, I hypothesized, and tested, whether the size or

rupturing of lysosomes is altered by CBE.
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Chapter 2. Materials & Methods

2.1. Differentiation & Culture of iPSC-Derived Neurons

Neural Progenitor Cells (NPCs) were derived from iPSCs of a healthy male donor

(prepared by Yanping Zhu, SFU) originally reprogrammed from peripheral blood

mononuclear cells using the Erythroid Progenitor Reprogramming Kit (STEMCELL

Technologies) by Krentz et al. (2017). NPCs were plated onto freshly prepared hESC-

qualified Matrigel (Corning) coated plates and cultured in NPC Complete Media

(STEMCELL Technologies) for up to 9 passages. For passaging, NPCs were incubated for 7
minutes in ACCUTASE (STEMCELL Technologies), centrifuged at 300g for 5 minutes, and then

plated at 100,000 cells / cm2 onto Matrigel. Cell counting was performed using an automated cell

counter (De Novix BF Brightfield Cell Counter). All cell cultures were incubated in a 5%

CO2 incubator at 37℃. NPCs were aliquoted and stored in liquid nitrogen in NPC Freezing

Media (STEMCELL Technologies) in cryovials. Before differentiation, NPCs were recovered

from liquid nitrogen stocks and cultured for at least 2 passages. For differentiation, NPCs

were passaged onto poly-L-ornithine (PLO; 15 ug/mL; Sigma) and Laminin (5 ug/mL;

Sigma) coated plates in NPC Forebrain Differentiation Media (STEMCELL

Technologies) for 5 days. Differentiated NPCs were passaged onto PLO/Laminin coated

coverslips at 60,000 cells per coverslip in 12-well plates in Forebrain Neuron Maturation

Media (STEMCELL Technologies). Coverslips were prepared by acid washing overnight

in nitric acid, washed 3 times for 10 minutes each in dH2O, and heat sterilized overnight.

During maturation, neurons received half media exchanges every 3 days and were used

for experiments on day 30. For LysoBrite (AAT Bioquest) and axon

immunocytochemistry, neurons were plated as micro islands in the center of coverslips.

For this, differentiated NPCs were plated onto coverslips within sterilized cloning

cylinders, which were removed after 3 hours, resulting in small islands of neuron cell

bodies from which axons grew outward during maturation.
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2.2. CBE & GCase Activity Assay

The GCase inhibitor Conduritol-B-Epoxide (CBE, Cayman Chemicals) was

reconstituted at 3 mM in dH2O and stored at -80℃ until use. On day 20 of neuronal

maturation, media was supplemented with 100 uM CBE that was replenished every 3

days with media exchanges. After 10 days of CBE treatment, neurons were washed with

PBS and treated with the GCase substrate probe GBA-FQ6 (Deen, 2022, Unpublished) at

5 uM for 1 hour. The neurons were washed 2 times for 3 minutes each in PBS and

mounted into live-cell imaging chambers for fluorescence microscopy.

2.3. Plasmid Generation & Transfection

E.coli expressing MTS-dsRed2 or LAMP1-GFP were grown overnight on agar

plates with appropriate antibiotics. Individual colonies were incubated in liquid LB with

1:1000 dilution of antibiotics for 16 hours in a shaker at 37℃. The next day, plasmids

were extracted using a QIAprep Spin MiniPrep Kit (Qiagen). Plasmid concentrations

were determined using a Nanodrop, and plasmid identity was confirmed by agarose gel

electrophoresis following restriction enzyme digests using NdeI, NotI, and EcoR1 (New

England Biolabs). Transfections were conducted on neurons at day in vitro (DIV) 29

using EndoFectin (GeneCopoeia). For each coverslip, 0.5 ug of DNA was added to 60 uL

of OptiMEM + 2.5 uL of EndoFectin and incubated for 20 minutes. Cell media was

replaced with 500 uL OptiMEM and the transfection mixture was added dropwise to each

well. After a 1 hour incubation, the transfection mixture was removed and reserved media

returned. Transgenes were allowed 24-48 hours to express before live-cell imaging.

2.4. Live Cell Imaging & Fluorescence Microscopy

For live-cell imaging, iPSC-derived neurons were mounted in a heated chamber

and imaged using a wide-field fluorescence microscope (DMI, 6000B Leica) equipped

with a CCD camera (Hamamatsu Orca-ER-1394). Neurons were imaged in pre-warmed

BrainPhys Imaging Optimized Media (STEMCELL Technologies) supplemented with

200 uM Trolox (Cayman Chemicals) with a 63X/1.40 lens using immersion oil (Cargill;
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type DF). Transfected neurons were distinguished from astrocytes based on the

morphology of the cell body and extending processes. Movies were acquired in

MetaMorph (Molecular Devices, Sunnyvale, CA). For LAMP1-GFP trafficking

dynamics, frames were acquired at 0.75 second intervals (1.25 frames/sec) for 120

seconds. For MTS-dsRed2 trafficking dynamics, frames were acquired at 2 second

intervals (0.5 frames/sec) for 3 minutes. For LysoBrite (AAT Bioquest) imaging, neurons

plated as micro islands were treated for 5 minutes in 1:5000 solution of LysoBrite,

washed 2 times for 2 minutes each in imaging media, and imaged at 1 second intervals (1

frame/sec) for 1.5 minutes. Videos were analyzed in MetaMorph by converting them into

kymographs using custom software (Kwinter and Silverman, 2009).

For immunocytochemistry, images were acquired as 3 um Z-stacks with 0.5 um

intervals at 630x magnification. For GFAP, LysoBrite, and LAMP1 intensity analyses,

random fields of view were acquired using the same imaging parameters, such as

exposure, between coverslips. Images were acquired using an exposure that limited the

saturation of pixels.

2.5. LLoME Assay

The lysosomotropic detergent L-leucyl-L-leucine methyl ester (LLoME; Cayman

Chemical) was freshly prepared in PBS prior to use. NPCs were incubated in 600 uM

LLoME in OptiMEM, or OptiMEM without LLoME, for 1 hour. Cells were then washed

twice with PBS and incubated for 1 hour in NPC Complete Media (STEMCELL

Technologies) and then fixed in freshly prepared 37℃ 4% PFA + 4% Sucrose for 15

minutes. For LLoME recovery assays, NPCs were fixed after 24 hours.

2.6. HEXB Exocytosis Assay

Lysosomal exocytosis was measured from total HEXB activity in the culture

media supernatant using a commercially available HEXB activity assay kit (Cell Biolabs,

Inc). Media supernatant was collected from neurons, and lysate was collected by lysing

neurons in 1% triton in PBS. Media and lysate were centrifuged at 10,000g for 5 minutes
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and incubated for 2 hours at 37℃ with the HEXB substrate 4MU-N-acetyl-β-D-

glucosaminide in assay buffer. The reaction was stopped using neutralization buffer and

fluorescence was measured (355 nm excitation, 460 nm emission) using a plate reader

(MD SpectraMax M5). Specific HEXB activity was calculated by subtracting activity

from media blanks, and percent activity in media relative to lysate was averaged from

two technical replicates.

2.7. Immunocytochemistry

Cells were fixed in freshly prepared 37℃ 4% PFA + 4% sucrose for 15 minutes.

PFA was quenched by washing cells in PBS + 0.1M glycine 3 times for 5 minutes each.

Cells were permeabilized in 0.1% triton in PBS for 5 minutes. For LAMP1, triton was not

used and instead 0.1% saponin was added in all subsequent staining steps. Cells were

blocked for 1 hour in 5% BSA/0.5% fish-skin gelatin. Primary antibodies were diluted in

blocking solution at the following concentrations: Mouse anti-LAMP1 (1:100, DHSB),

Rabbit anti-GFAP (1:500, ThermoFisher), Rabbit anti-P62 (1:300, Sigma), Rabbit anti-

LC3 (1:300, Cell Signaling), Rabbit anti-MAP2 (1:700, Sigma), Mouse anti-PHF Tau

(1:700, Abcam), Guinea Pig anti-SV2 (1:500, Synaptic Systems), Chicken anti-Synapsin

(1:800, Synaptic Systems), Mouse anti-GAD (1:100, DHSB). Cells were incubated in

primary antibodies at 4℃ overnight and then washed 3 times for 5 minutes each in PBS.

Cells were incubated in the species-appropriate secondary antibodies for one hour at

room temperature: anti-rabbit Cy5 (1:800, Jackson ImmunoResearch Laboratories), anti-

chicken 488 (1:800, Synaptic Systems), anti-rabbit Cy3 (1:800, ThermoFisher), or anti-

Guinea Pig Cy5 (1:800, Synaptic Systems). Cells were washed for 10 minutes in 0.5

ug/mL 4′,6-diamidino-2-phenylindole (DAPI) in PBS for visualization of nuclei, and then

washed 3 times for 5 minutes each in PBS. Coverslips were mounted onto glass slides

using elvanol and imaged using widefield fluorescence microscopy.

2.8. Image Analysis

Trafficking videos were converted into kymographs using custom software

(Kwinter et al., 2009). Trafficking parameters, including flux, velocity, and run length,
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were quantified for anterograde and retrograde events by manually tracing particle

movements on kymographs. To analyze the percentage of stationary vesicles that moved

less than 5 um over the course of the 90 second videos, vesicles were manually counted.

To analyze lysosomal density, all movement events and stationary lysosomes were

summed and divided by the total length of the kymograph for each video. Kymograph

distances were calibrated to 630x magnification (1 pixel = .160508 um).

Images from LLoME assays and LAMP1/LysoBrite were analyzed in ImageJ

using the ComDet plugin. Briefly, images from the Texas Red channel (LAMP1) were

merged with images from the FITC channel (p62 or LC3B) producing a color stack.

Individual cells from in-focus planes were traced, cropped, and analyzed using ComDet

(v1.1.3). ComDet is an open-source semi-automated punctate colocalization plugin that

uses automatic thresholding and segmentation capabilities to measure punctate size,

intensity, and colocalization between color channels (Janssen et al., 2018; Panichnantakul

et al., 2021). ComDet analysis parameters (minimum size, colocalization maximum

distance, and intensity above background threshold) were identical between all conditions

and cells analyzed. P62 and LC3B punctate that did not colocalize with LAMP1 were

considered background or artifacts and removed from the analysis. ComDet was also

used for the analysis of LysoBrite and LAMP1 staining intensity and vesicle size in the

axon.

Whole 630x field-of-view analysis of GCase substrate probes and GFAP staining

intensity was conducted in MetaMorph. Z-stacks were projected into single planes using

the Best Focus projection algorithm. A threshold of 3x background intensity was applied

to images, and average pixel intensity, integrated pixel intensity, and total pixel area were

analyzed using Metamorph’s Region Statistics. For GCase activity assays, the number of

cells per field of view was manually counted from corresponding phase-contrast images.

Mitochondrial axon coverage was quantified from fixed MTS-dsRed2 transfected

slides. Axons at least ~50 um from the cell body were imaged as Z-stacks and projected

as a Best Focus image in MetaMorph. A line region was drawn across the length of the

transfected axon and MetaMorph’s linescan analysis feature was used to quantify pixel

https://imagej.net/plugins/spots-colocalization-comdet
https://imagej.net/plugins/spots-colocalization-comdet
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intensity along the length of the line. For each linescan, the number of pixels at least 2x

above the average background intensity was measured and divided by the total length of

the linescan to quantify the percent of axon occupied by mitochondria.

2.9. Statistical Analysis

All data was assembled and organized in Excel (Microsoft) before importing into

RStudio (RStudio) for analysis and graphing using the statistical programming language

R. Outliers were identified by plotting data onto box and whisker plots and points outside

the box, defined as falling 1.5 times above or below the interquartile range, were

removed. Statistical differences between groups were analyzed by 2-tailed t-test with

equal (Students t-test) or unequal (Welch’s t-test) variances at a 95% confidence interval.

Effect sizes for comparisons of means are reported as Cohen’s d calculated using the

pooled standard deviations of the groups being compared. All data are presented as

means ± SEM with data points plotted in the background.
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Chapter 3. Results

The goals of my thesis were to assess the axonal transport, exocytosis, and

rupturing of lysosomes in neurons treated with CBE. My primary hypothesis was that

loss of GCase would disrupt the axonal transport of lysosomes, perhaps as a result of

lipid accumulation or lysosomal enlargement. To pursue this hypothesis, I used iPSC-

derived neurons as my model organism. Because iPSC-derived neurons vary in their

capacity to differentiate, and our lab has not used iPSC-derived neurons in the past, my

first experiments were designed to optimize their differentiation and to characterize

neuronal maturation. Next, I needed to model GCase deficiency, for which I used the

small molecule Conduritol B Epoxide (CBE), a validated inhibitor of GCase. To confirm

CBE reduced enzymatic activity in cells, I treated neurons with a GCase substrate to

measure lysosomal GCase activity (Deen, SFU, Unpublished). After confirming GCase

activity was reduced by CBE, I conducted a series of transport experiments by live-cell

microscopy to quantify the transport of lysosomes in CBE-treated neurons. I then

investigated lysosomal exocytosis because it is a motor protein-dependent process that

could be affected by GCase inhibition. To assess lysosomal exocytosis, I measured the

activity of HEXB, a lysosomal enzyme, in the media of cultured neurons. However, I did

not observe a significant effect of CBE on lysosomal transport or exocytosis. I decided to

instead investigate mitochondrial transport because mitochondrial function is reportedly

altered by the loss of GCase activity. Lastly, in an effort to identify some aspect of

lysosomal biology influenced by CBE, I investigated the effect of CBE on the size of

lysosomes in axons and the propensity of lysosomes to rupture. Lysosomal size and

rupture are reportedly altered by loss of GCase activity and could serve as a positive

control for the effect of CBE on lysosomal function. In this section, I describe these

experiments and their results in detail.

3.1. Characterization of iPSC-Derived Neurons

The differentiation, maturation, and integration of neurons into the brain’s neural

networks is an overwhelming complex process. Modeling the differentiation of human
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neurons from stem cells in vitro has only recently become feasible. Since their inception,

iPSC-derived neurons have been used to study neurodevelopmental disorders such as

autism, as well as age-related neurodegenerative diseases like Parkinson's Disease.

Although modeling human diseases with human cells offers numerous advantages, the

protocols for neuron induction from iPSCs are relatively novel and, additionally, our lab

has not previously used iPSC-derived neurons. As such, I first optimized protocols for the

culture and experimentation of iPSC-derived neurons and then characterized the neurons

to ensure they are sufficiently mature and polarized for transport studies.

The efficiency and reproducibility of iPSC differentiation can vary between

individuals and experiments. A major source of this variability comes from the

differentiation of nonhomogeneous populations of precursor cells, whereby slight

deviations in gene expression are magnified during differentiation leading to the

generation of multiple cell types (Volpato & Webber, 2020). To limit such variability,

precursor cells should be subjected to strict quality control measures to ensure a

homogeneous starting cell population. The NPCs I used are derived from a healthy male

patient that were differentiated from iPSCs by Dr. Yanping Zhu (Simon Fraser

University), who generated them from a population of iPSCs expressing the pluripotency

marker OCT4 (Appendix; Figure A1.) (Krentz et al., 2017). OCT4 is a transcription

factor essential for the maintenance of pluripotency, and is commonly used to identify

successfully reprogrammed iPSCs. Before differentiating NPCs, I confirmed the

expression of the NPC markers Nestin and PAX6, which were widely expressed in the

majority of cells (Appendix; Figure A.1) (Suh et al., 2007; Mignone et al., 2004). NPCs

were then differentiated into forebrain neural precursor cells over the course of 5 days

according to protocols from STEMCELL Technologies (STEMCELL Technologies,

2021). Differentiated NPCs were passaged onto coverslips in 12-well plates for 30 days

of maturation and received media exchanges every third day. After plating, processes

emerge from cell bodies as soon as 24 hours later and continue to grow throughout the

maturation period (Appendix; Figure A.2). By 30 days, the cultures are densely packed

with axons, often extending several hundred microns from the cell body.

https://pubmed.ncbi.nlm.nih.gov/28441528/
https://www.sciencedirect.com/science/article/pii/S1934590907001725
https://onlinelibrary.wiley.com/doi/pdfdirect/10.1002/cne.10964
https://www.stemcell.com/stemdiff-forebrain-neuron-differentiation-kit.html
https://www.stemcell.com/stemdiff-forebrain-neuron-differentiation-kit.html
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The mechanism by which vesicles are transported differs between axons and

dendrites, and ensuring axon polarization and distinction from dendrites is therefore

important. The specification of neurites into axons or dendrites occurs early in maturation

following the selective accumulation of axon and dendrite microtubule-associated

proteins, such as Tau in axons and MAP2 in dendrites (Morita & Sobue, 2009). To

confirm neurons were sufficiently mature and polarized for transport studies, I conducted

immunocytochemical staining of the neuronal markers MAP2, Tau, as well as synaptic

markers Synapsin, SV2, and neuronal identity markers VGLUT1, and GAD.

https://www.jbc.org/article/S0021-9258(20)38442-8/fulltext
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Figure 3.1. Characterization of iPSC-derived neurons.
(A) Neurons are well polarized showing exclusive localization of Tau and MAP2. Arrows denote
dendrites and arrowheads denote axons. (B, C) Neurons express the presynaptic markers synapsin
and SV2. Arrows denote synapse formation on dendrites. (D) Neurons express VGLUT1, a
marker of excitatory neurons. (E) A subset of neurons express GAD, a marker of inhibitory
neurons.

By 30 days of maturation, neurons develop well-defined MAP2 positive dendrites

and Tau positive axons (Figure 3.1). The mutual exclusivity of these markers indicates
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axons are well-polarized. The presynaptic markers Synapsin and Synaptic Vesicle protein

2 (SV2) are enriched in the axons of DIV 30 neurons and decorate the exterior of

dendrites suggesting possible synapse formation. A majority of neurons expressed

VGLUT1, a marker of excitatory neurons. The expression of VGLUT1 was noticeably

increased in neurons with larger somas and more robust dendritic arborizations,

suggesting VGLUT1 expression correlates with maturity. A small subset of neurons

(~5%) also expressed GAD, a marker of inhibitory neurons. Approximately 5-10% of

total cells expressed GFAP, a marker of astrocytes, consistent with reports from

STEMCELL Technologies (STEMCELL Technologies, 2021). Although the presence of

astrocytes contributes to increasing culture densities over time, particularly at time points

later than 30 DIV, they also promote neuronal maturation and survival (Hedegaard et al.,

2020). Collectively, these experiments demonstrate that iPSC-derived neurons,

differentiated using protocols from STEMCELL Technologies, are sufficiently polarized

and mature for axonal transport experiments.

3.2. CBE Inhibits GCase Activity

Conduritol B Epoxide (CBE) is a well-validated irreversible inhibitor of GCase

that is frequently used to pharmacologically model acute GCase deficiency in vitro and in

vivo. In neuronal cultures, the concentration of CBE used to block GCase activity ranges

from 50 to 2000 uM (Prence et al., 1996; Sun et al., 2015). However, higher

concentrations of CBE, beginning at roughly 200-300 uM, inhibit other lysosomal

enzymes, including GBA2 and GAA, and could cause nonspecific effects or toxicity (Ko

et al., 2019). In primary cortical neurons, Henderson et al. (2020) performed a dose-

response experiment and found complete inhibition of GCase with 100 uM CBE

(Henderson et al., 2020). Additionally, similar doses of CBE in neurons result in GC

accumulation by 7-10 days when incubated with fluorescently labeled GC (Korkotian et

al., 1999; Prence et al., 1996). Thus, based on commonly used CBE concentrations that

elicit lipid accumulation in neurons, I examined whether 100 uM CBE was sufficient to

eliminate GCase activity.

https://www.stemcell.com/stemdiff-forebrain-neuron-differentiation-kit.html
https://www.sciencedirect.com/science/article/pii/S2213671120301545
https://www.sciencedirect.com/science/article/pii/S2213671120301545
https://onlinelibrary.wiley.com/doi/pdf/10.1002/(SICI)1097-4547(19960201)43:3%3C365::AID-JNR11%3E3.0.CO;2-4
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0118771
https://febs.onlinelibrary.wiley.com/doi/full/10.1111/febs.14744
https://febs.onlinelibrary.wiley.com/doi/full/10.1111/febs.14744
https://www.sciencedirect.com/science/article/pii/S0896627319310463
https://www.jbc.org/article/S0021-9258(19)72430-2/fulltext
https://www.jbc.org/article/S0021-9258(19)72430-2/fulltext
https://onlinelibrary.wiley.com/doi/pdf/10.1002/(SICI)1097-4547(19960201)43:3%3C365::AID-JNR11%3E3.0.CO;2-4
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For 10 days, CBE was administered to neurons at 100 uM and replenished with

each media exchange. On day 10, cultures were treated with 5 uM GBA-FQ6 (Deen, SFU,

Unpublished), a GCase substrate reporter probe, for 1 hour, and imaged by wide-field

fluorescence microscopy (Figure 3.2). Cultures treated with CBE had significantly

reduced GBA-FQ6 signal compared to control (p < 0.001; Figure 3.2C). Notably, GCase

activity was detected in both neurons and glia, identified by their distinctive

morphologies, with activity most prominent in cell bodies (Figure 3.2B).

Figure 3.2. CBE inhibits GCase activity.
Neurons and glia were assayed for GCase activity using the GCase reporter probe GBA1-FQ6
(Deen, SFU, Unpublished). (A) 10 day CBE-treated iPSC-derived neurons and glia treated with
GBA1-FQ6 show negligible fluorescence activity and (B) controls show robust GCase activity. (C)
Probe fluorescence per field of view (n = 40 random fields of view from 3 independent
experiments). CBE treatment (100 uM) significantly reduces GCase reporter probe fluorescence
(*p < 0.001). Blue arrows denote neurons, and red arrows denote glia.

A common observation in models of GCase deficiency is the activation of GFAP

positive astrocytes, indicated by GFAP upregulation (Vitner et al., 2012; Ginns et al.,

2014; Aflaki et al., 2020). To confirm GCase inhibition had an effect on cellular function,

I assessed the staining intensity of GFAP positive astrocytes in CBE and untreated

controls (Figure 3.3). Consistent with other models of GCase deficiency (Pewzner-Jung

et al., 2021), GFAP staining intensity was significantly upregulated in CBE-treated

cultures at day 10 as compared to controls (p < 0.001; Figure 3.2B). There was no

significant difference in total number of GFAP positive cells, or GFAP staining area,

https://academic.oup.com/brain/article/135/6/1724/330278
https://www.sciencedirect.com/science/article/pii/S1096719213004150?casa_token=jPjZsG5YR_QAAAAA:45PfePIZVue1YToHefa9ahUZA_rlMq3gkIqTx5dGZq13ay4L5DuxTnXcb0zDGgnY_ik1vDQeI-7Z
https://www.sciencedirect.com/science/article/pii/S1096719213004150?casa_token=jPjZsG5YR_QAAAAA:45PfePIZVue1YToHefa9ahUZA_rlMq3gkIqTx5dGZq13ay4L5DuxTnXcb0zDGgnY_ik1vDQeI-7Z
https://www.sciencedirect.com/science/article/pii/S0969996119303225
https://www.sciencedirect.com/science/article/pii/S0301008220301945?casa_token=Rbp9kGAhxpoAAAAA:6x21WX5w1htmAIkIurMxIXbfwKogqp-R49IlmUSyTvggaSg0aEfHrhjNk_PISZ-yMQUBnyWLkg#upi0005
https://www.sciencedirect.com/science/article/pii/S0301008220301945?casa_token=Rbp9kGAhxpoAAAAA:6x21WX5w1htmAIkIurMxIXbfwKogqp-R49IlmUSyTvggaSg0aEfHrhjNk_PISZ-yMQUBnyWLkg#upi0005
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between CBE and controls (p > 0.05; data not shown). The upregulation of GFAP

staining intensity, a common marker of glial activation, suggests CBE causes a low-grade

level of gliosis and confirms the bioactivity of CBE in my cultures.

Figure 3.3. CBE increases GFAP staining intensity.
(A) 10 days of 100 uM CBE treatment significantly upregulated the staining intensity of
astrocytic marker GFAP compared to controls. (B) Average GFAP staining intensity per field of
view is significantly increased in CBE-treated cultures (*p < 0.005; n = 65 fields of view from 2
independent cultures). Arrows denote astrocytic endfeet.

3.3. Transport Dynamics in CBE-treated Neurons

The loss of GCase activity causes glucosylceramide accumulation in the

membrane of organelles, particularly in lysosomes (Hein et al., 2008). Because the lipid

composition of vesicles affects their transport, I investigated the axonal transport of

lysosomes in CBE-treated neurons. I assessed the transport dynamics of LAMP1-GFP, a

marker of lysosomes, LysoBrite (AAT Bioquest), a variant of LysoTracker, and MTS-

dsRed2, a marker of mitochondria. LAMP1-GFP and MTS-dsRed2 were expressed by

transfections performed on day 29. Plasmids were expressed for 24-28 hours before

imaging. Movies were captured from mature neurons with well-defined axons and

converted into kymographs for the analysis of vesicle velocity, run length, and flux.

https://www.sciencedirect.com/science/article/pii/S0022227520346915?via%3Dihub
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Movement parameters were analyzed by direction, with anterograde movement events

indicated by positively sloped lines and negatively sloped movements indicating

retrograde directions.

3.3.1. Lysosomal Transport

LAMP1-GFP vesicles were abundant in the axon, trafficked bidirectionally, and

had a slight retrograde bias in overall flux, consistent with a constitutive retrograde

clearance of distal cargo (Klinman & Holzbaur, 2016). Videos from 237 cells, totaling

4533 movement events, from 10 coverslips (5 per condition) were analyzed with

kymographs (Figure 3.4A). Between CBE and control neurons, there was no statistical

difference in the flux or run length of transport events in either anterograde or retrograde

directions (p > 0.05; Figure 3.4C). Although anterograde transport velocity was not

significantly affected, CBE-treated neurons had reduced retrograde lysosome transport

velocity (1.06 um/s ± 0.34) compared to controls (1.16 um/s ± 0.34) (P = 0.01, d = 0.31;

Figure 3.4C). These results show that CBE treatment does not alter the anterograde

transport of LAMP1 vesicles but has a significant effect on the retrograde transport

velocity of LAMP1-GFP vesicles.

https://www.sciencedirect.com/science/article/pii/S0091679X1500151X
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Figure 3.4. CBE reduces LAMP1-GFP retrograde transport velocity.
DIV 29 neurons were transfected with the lysosome marker LAMP1-GFP and imaged 24 hours
later. (A, B) Representative kymograph and still frames from corresponding video of LAMP1-
GFP vesicle transport. Red arrows denote retrograde events, green arrows denote anterograde
events. Videos were acquired at 1.5 frames/sec for 120 sec. (C) Analysis of kymographs revealed
no significant effect of CBE treatment on flux or run length in either direction or anterograde
velocity. Retrograde transport velocity was significantly reduced (*p = 0.01; n = 237 cells, 4533
events, 8 coverslips per condition).

Although LAMP1 primarily localizes to mature lysosomes, it is also expressed in

other vesicles including late endosomes or trans-Golgi carrier vesicles (Lie et al., 2021).

Overall, about 20% of LAMP1 vesicles in the axon colocalize with LysoTracker, a

marker of mature lysosomes (Cheng et al., 2018). Because GCase is a pH-dependent

enzyme, any trafficking dysfunction associated with its inhibition may be restricted to

mature lysosomes. As such, I hypothesized that the small retrograde transport deficit I

observed from LAMP1-GFP occurred was due to a transport defect in mature lysosomes.

To assess the transport of mature lysosomes, which are highly acidic, I used LysoBrite.

LysoBrite is a variant of LysoTracker that also accumulates in the acidic lumen of

lysosomes, and therefore labels mature lysosomes, but is better suited for live-cell

imaging of transport dynamics due to enhanced photostability and brightness. However,

due to the high density of neurons, which was required for reliable survival, tracking

individual LysoBrite transport events in axons was not possible in conventionally plated

cultures. In order to isolate axons from cell bodies for LysoBrite trafficking analysis,

neurons were plated as micro-islands (Appendix; Figure A.4.). Briefly, neurons were

plated at high density within cloning cylinders that were later removed, resulting in a

single island of cell bodies from which axons radiated outward. Similar methods of

compartmentalizing neuron bodies have been used to separate and analyze axons for

transport studies (Wang et al., 2020). Using this approach, the transport of individual

LysoBrite vesicles could be reliably distinguished and tracked for analysis.

Day 30 neurons plated as micro-islands were stained with LysoBrite for

trafficking analysis (Figure 3.5). LysoBrite vesicles trafficked bidirectionally with a

retrograde bias and were sparse in axons compared to LAMP1 vesicles, consistent with

previous reports (Gowrishankar et al., 2020). Videos from 261 cells were captured,

totaling 2139 movement events from 6 coverslips (3 per condition), and converted into

https://www.sciencedirect.com/science/article/pii/S2211124721003508
https://rupress.org/jcb/article/217/9/3127/120828
https://www.molbiolcell.org/doi/pdf/10.1091/mbc.E20-06-0382
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kymographs for analysis (Figure 3.5A). Between CBE and control neurons, there was no

statistical difference in the anterograde or retrograde flux, velocity, or run length of

vesicles (p > 0.05; Figure 3.5D). Due to the low density of axonal lysosomes, I was able

to quantify the percentage of stationary vesicles by counting the number of vesicles

moving less than 5 um during each video. However, there was no significant difference in

the percentage of stationary vesicles between CBE (26.6%) and controls (28.3%) (p >

0.05; Figure 3.5C). I also measured the density of lysosomes in axons by dividing the

total number of lysosomes (stationary and mobile) by the length of the kymograph. The

density of lysosomes slightly increased in CBE-treated neurons (0.106 lysosomes / um ±

0.036) compared to controls (0.094 lysosomes / um ± 0.033) (p = 0.007, d = 0.337;

Figure 3.5C). This may indicate an increased degradative demand in the axon, but, due to

the small effect size, is unlikely to be biologically significant. Increased lysosomal

density can also occur as a result of impaired retrograde clearance (Gowrishankar et al.,

2020), but because I did not observe a deficiency in retrograde transport or flux, this is

unlikely. Collectively, these results demonstrate that the transport of acidic lysosomes in

axons is not affected by CBE treatment.

https://www.molbiolcell.org/doi/pdf/10.1091/mbc.E20-06-0382
https://www.molbiolcell.org/doi/pdf/10.1091/mbc.E20-06-0382
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Figure 3.5. CBE does not affect acidic vesicle transport.
DIV 30 neurons were stained with LysoBrite (AAT Bioquest) and imaged. (A, B) Representative
kymograph demonstrating bidirectional transport of LysoBrite labeled vesicles and still frames
from the corresponding video. Red arrows denote retrograde events, green arrows denote
anterograde events. Videos were acquired at 1 frame per sec for 90 sec. (C) CBE treatment
significantly increases lysosomes per um (*p = 0.007), but not the percentage of stationary
vesicles in the axon. (D) Analysis of video kymographs revealed no significant effect of CBE
treatment on any trafficking parameter. (n = 261 cells, 2139 events, 3 coverslips per condition).

3.3.2. Lysosomal Exocytosis Assays

Kinesin and myosin motors transport lysosomes to the cellular periphery where

they are docked and primed for exocytosis. The peripheral positioning of lysosomes to

the membrane, where they exocytose, is therefore dependent on the proper regulation and

activation of motor proteins (Reddy et al., 2001; McDade & Michele, 2013). In GD

iPSC-derived osteoblasts, calcium-stimulated lysosomal exocytosis is reduced compared

to iPSCs from age-matched controls (Panicker et al., 2018). This could reflect defects in

motor protein regulation or transport of lysosomes to the periphery. Additionally, the

exocytosis of lysosomes is critical for neuron survival by removing excess waste, but can

also facilitate the prion-like spread of α-synuclein (Xie et al., 2021). Because lysosomal

exocytosis is a physiologically important process that is dependent on active transport, I

investigated whether inhibition of GCase influences lysosomal exocytosis.

I first attempted to assay lysosomal exocytosis by immunocytochemically

labeling surface-exposed LAMP1 following induction of exocytosis. In this assay, the

secretion of lysosomes is induced with calcium stimulation (such as calcium ionophore

ionomycin), resulting in the exposure of luminal LAMP1 epitopes on the plasma

membrane, which are then labeled with antibodies (Andrews, 2017). In order to avoid

labeling internal lysosomes, cells are stained while alive and before fixation, which can

permeabilize cells. However, when I tested this assay with NPCs, I was unable to detect

sufficient LAMP1 staining intensity on the membrane compared to background staining

intensity (data not shown). This was likely because my calcium stimulant (ionomycin)

was not inducing lysosomal exocytosis, or because the amount of LAMP1 exposed on the

surface was insufficient for detection. Thus, I decided to assay lysosomal secretion using

biochemical assays.

https://pubmed.ncbi.nlm.nih.gov/11511344/
https://academic.oup.com/hmg/article/23/7/1677/652784
https://academic.oup.com/hmg/article/27/5/811/4782495
https://europepmc.org/article/ppr/ppr309852
https://www.researchgate.net/profile/Xavier-Heiligenstein/publication/316594182_Analyzing_Lysosome-Related_Organelles_by_Electron_Microscopy/links/60197aaba6fdcc37a8fa6e0a/Analyzing-Lysosome-Related-Organelles-by-Electron-Microscopy.pdf#page=211
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To quantify lysosomal exocytosis biochemically, I conducted HEXB activity

assays from the media of neuron cultures. HEXB is a lysosomal enzyme secreted by

lysosomal exocytosis, and its activity in the media is proportional to the total amount of

lysosomal exocytosis in the culture (Reddy et al., 2001). HEXB activity was measured

using reagents and protocols from a commercially available HEXB activity assay kit

(Cell Biolabs, Inc). Briefly, media and lysate were collected from DIV 30 control and

CBE neuron cultures (n = 4 wells, control; n = 4 wells, CBE), centrifuged, and incubated

with 4MU-N-acetyl-β-D-glucosaminide, a fluorogenic HEXB substrate. Fluorescence

was measured on a plate reader. To control for the total amount of HEXB, the activity of

HEXB in the media was normalized to the activity in the lysate. There was no significant

difference in the percent of total HEXB activity in the media between CBE-treated and

control neurons (p > 0.05; Figure 3.6A). Because HEXB is released during cell death, I

also conducted an LDH assay to control for possible cell death. LDH is a cytosolic

enzyme released into the media following apoptosis. I did not find a significant difference

in the activity of LDH in the media relative to LDH in the lysate between CBE or control

neurons (p > 0.05; Figure 3.6B). This result suggests basal rates of lysosomal exocytosis

are unaltered by CBE treatment.

https://www.sciencedirect.com/science/article/pii/S0092867401004214
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Figure 3.6. CBE does not affect lysosomal exocytosis in cultured neurons.
The enzymatic activity of HEXB and LDH were quantified from the media of DIV 30 neurons.
(A) The percent of total HEXB activity in the media relative to total activity in lysate was not
significantly different between CBE and controls (p > 0.05; n = 4 wells, control; n = 4 wells,
CBE). (B) The percent of total LDH activity in the media relative to total activity in lysate was
not significantly different between CBE and controls (p > 0.05; n = 4 wells, control; n = 4 wells,
CBE).

3.3.3. Mitochondrial Transport & Axon Occupancy

Lysosomal transport dynamics were largely unaffected by CBE, and basal rates of

lysosomal exocytosis were also unchanged. However, the loss of GCase activity

reportedly causes mitochondrial dysfunction. For example, mitochondrial respiration and

morphology, and mitochondrial-lysosomal contact sites, are altered by CBE treatment at

50 uM for 30 and 7 days, respectively (Kim et al., 2021; Cleeter et al., 2013). Similarly,

GBA deletions also cause defects in mitochondrial respiration and morphology in neurons

(Osellame et al., 2013). Because alterations in mitochondrial respiration influence

mitochondrial transport (Hollenbeck et al., 1985; Miller & Sheetz, 2004), I hypothesized

that mitochondrial transport would be disrupted by CBE treatment.

DIV 29 neurons were transfected with MTS-dsRed2 and expressed for 24 hours

before movie acquisition (Figure 3.7). Mitochondrial trafficking videos were acquired

over 3 minutes, with 2 second intervals. Videos were gathered from 141 cells, totaling

1119 movement events from 6 coverslips (3 per condition), and converted into

kymographs (Figure 3.7A). The velocity and run length of mitochondria, as well as the

https://www.nature.com/articles/s41467-021-22113-3
https://www.sciencedirect.com/science/article/pii/S0197018612003476
https://www.sciencedirect.com/science/article/pii/S1550413113001575
https://www.sciencedirect.com/science/article/abs/pii/0309165185900943
https://journals.biologists.com/jcs/article/117/13/2791/27578?casa_token=K6oVSo56kZgAAAAA:n4EjPmd284yult3sYTT_IU1kCdyBGsxa_yKLyis66UbxEeNstO4ND5OqcJhcQfAVq2wqg6ij
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overall flux of mitochondria, which was low, is consistent with previous reports

(Klinman & Holzbaur, 2016). Between CBE and control neurons, there was no

significant difference in overall flux or anterograde transport parameters (p > 0.05; Figure

3.7C). However, similar to LAMP1-GFP, there was a significant decrease in retrograde

transport velocity of CBE-treated neurons (0.84 um/s ± 0.38) versus controls (1.02 ± 0.37)

(p = 0.002, d = 0.395). Retrograde mitochondrial transport is necessary for clearing

mitochondria via mitophagy, which removes defective mitochondria (Zheng et al., 2019;

Han et al., 2020). Moreover, disruptions in retrograde mitochondrial transport cause the

aberrant retention and accumulation of defective mitochondria in the axon (Mandal et al.,

2021). Thus, deficient retrograde transport due to CBE treatment could result in

mitochondrial accumulation in the axon.

https://www.sciencedirect.com/science/article/pii/S0091679X1500151X
https://rupress.org/jcb/article/218/6/1891/61834
https://www.embopress.org/doi/pdf/10.15252/embr.201949801
https://www.jneurosci.org/content/jneuro/41/7/1371.full.pdf
https://www.jneurosci.org/content/jneuro/41/7/1371.full.pdf
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Figure 3.7. CBE reduces retrograde mitochondrial transport velocity.
DIV 29 neurons were transfected with mitochondrial marker MTS-dsRed2 and imaged 24 hours
later. (A) Representative kymograph demonstrating bidirectional transport of mitochondria, and
the corresponding video used to generate kymograph. Videos were acquired at 0.5 frames per sec
for 180 sec; 15x real-time. (B) Analysis of video kymographs revealed no significant effect of
CBE treatment anterograde transport parameters (p > 0.05). Retrograde transport velocity was
significantly reduced by CBE treatment (*p = 0.002; n = 110 cells, 820 events, 3 coverslips per
condition). Red arrows denote retrograde events, green arrows denote anterograde events.

Because retrograde mitochondrial transport was slightly altered, I decided to

assess mitochondrial occupancy in the axon to determine if defective transport caused a

corresponding accumulation of mitochondria in the axon. I analyzed the occupancy of

mitochondria in the axon from intensity linescans of fixed MTS-dsRed2 transfected

neurons (Figure 3.8). From axonal linescans, I quantified the percentage of total pixels

more than 2x above background fluorescence intensity to determine the percentage of the

axon occupied by mitochondria. There was no significant difference in the axonal

occupancy of mitochondria in axons of CBE-treated neurons (p > 0.05; Figure 3.8C).

Although retrograde transport was slightly reduced, this effect did not consequently result

in aberrant mitochondrial retention in the axon.
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Figure 3.8. CBE does not affect the occupancy of mitochondria in axons.
Axons from neurons transfected with MTS-dsRed2 were fixed and analyzed with linescans. (A)
Axons from control neurons transfected with mitochondrial marker MTS-dsRed2, and
corresponding linescan (below) used to quantify mitochondrial occupancy. (B) Axon from CBE-
treated neuron and corresponding linescan (below). (C) The occupancy of mitochondria in axons
was not significantly different in CBE-treated neurons (p > 0.05; n = 75 axons, 2 coverslips per
condition).

Collectively, these experiments demonstrate that CBE, at the dosage and time

course used in the current study, reduces the retrograde transport velocity of LAMP1-

GFP vesicles and mitochondria. However, due to the magnitude of the effect, which was

small, they are unlikely to have biologically significance.

3.4. Axonal Lysosome Size & Rupture Assays

The size of lysosomes can affect their transport in axons. For example, larger

lysosomes transit axons with reduced velocity due to increased cytosolic drag and

propensity to collide with other vesicles or the axonal membrane (Sabharwal & Koushika,

2019; Wang et al., 2020). Because I observed a decrease in the retrograde transport

velocity of LAMP1-GFP vesicles, I decided to investigate if CBE caused lysosomal

enlargement, as reported in models of GBA mutations (Fernandes et al., 2016; Kinghorn

https://www.frontiersin.org/articles/10.3389/fncel.2019.00470/full
https://www.frontiersin.org/articles/10.3389/fncel.2019.00470/full
https://rupress.org/jcb/article/219/5/e201902001/151566/Radial-contractility-of-actomyosin-rings
https://www.sciencedirect.com/science/article/pii/S2213671116000308
https://www.jneurosci.org/content/jneuro/36/46/11654.full.pdf
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et al., 2016; Westbroek et al., 2016). Furthermore, the effect of CBE on lysosomal size in

axons, where lysosomal size influences transport, has not been investigated. As such, I

investigated whether inhibition of GCase with CBE causes any perturbations in axonal

lysosome size or integrated staining intensity with LysoBrite or LAMP1

immunocytochemistry. The integrated staining intensity of LysoBrite and LAMP1 is

expected to be increased for larger vesicles due to their increased size. I also assessed

whether CBE caused the formation of axonal varicosities, which form as a result of

lysosomal transport dysfunction (Gowrishankar et al., 2021).

Live neurons were stained with LysoBrite or immunocytochemically labeled with

LAMP1 after fixation, and imaged as Z-stacks at 630x by widefield microscopy (Figure

3.9). Based on visual inspection of LAMP1 and LysoBrite, there were no obvious

lysosome-filled varicosities and axons were indistinguishable between conditions

(Appendix; Figure A.2.). Using in-focus planes from acquired Z-stacks, the size and

staining intensity of LAMP1 and LysoBrite punctate were analyzed using the open-

source ImageJ plugin ComDet. ComDet is a semi-automated particle analysis plugin that

employs automatic segmentation and thresholding techniques to analyze individual

punctate and quantify punctate size and intensity, as well as colocalization between

channels (Appendix; Figure A.3.).

https://www.jneurosci.org/content/jneuro/36/46/11654.full.pdf
https://journals.biologists.com/dmm/article/9/7/769/3797
https://www.molbiolcell.org/doi/full/10.1091/mbc.E20-06-0382
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Figure 3.9. CBE does not disrupt lysosomal size in axons.
(A) Immunocytochemistry of LAMP1 positive organelles in axons (outlined in yellow). (B)
Quantification of average LAMP1 staining intensity and size per field of view (n = 98 fields of
view, 6959 lysosomes analyzed, 2 independent cultures from each condition). (C) Lysosomes
labeled with LysoBrite are frequently observed in axons. (D) Quantification of average LysoBrite
staining intensity and size per field of view (n = 133 fields of view, 11204 lysosomes analyzed, 3
independent cultures from each condition). Between CBE-treated and control axons there was no
change in staining intensity or size of lysosomes (p > 0 .05).

The average size and intensity of LysoBrite positive vesicles in CBE-treated

neurons versus controls were not significantly different (p > 0.05; Figure 3.9C). Because

LysoBrite is targeted to lysosomes based on acidity, the similar staining intensity

suggests lysosomal pH is not significantly affected. Similarly, the average size and

intensity of LAMP1 punctate between CBE and controls were not significantly different

(p > 0.05; Figure 3.9D). Because LAMP1 is delivered to lysosomes from trans-Golgi

carrier vesicles, the similar staining intensity suggests that the anterograde transport of

Golgi vesicles, and fusion with lysosomes, is not disrupted. The non-significant

difference in lysosomal size suggests reduced rates of transport are not caused by changes

in lysosome size. Additionally, these results indicate that the processes governing

lysosomal size, such as vesicle fusion or substrate storage, are not disrupted by CBE.

3.4.1. Lysosomal Rupture Assays

Lysosomes are densely filled with catabolic enzymes and these enzymes are

released into the cytosol when the lysosomal membrane is damaged. Lysosomal

membranes are damaged by the accumulation of pathogenic proteins like α-synuclein

oligomers (Freeman et al., 2013) and lysosomal rupture is the rate-limiting step in the

prion-like spread of α-synuclein between neurons (Richard et al., 2017). In mice, the

deletion of GBA in dopamine neurons increases the cytosolic activity of lysosomal

enzymes suggesting GCase deficiency may disrupt the integrity of the lysosomal

membrane (Soria et al., 2017). Because the composition of the lysosomal membrane

affects its susceptibility to rupturing (Lie et al., 2020; Ullio et al., 2012; Appelqvist et al.,

2011), I hypothesized that the inhibition of GCase will increase the vulnerability of

lysosomes to rupturing, which could provide mechanistic insight into how GCase

contributes to α-synuclein aggregation or prion-like spread in disease.

https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0062143
https://www.jbc.org/article/S0021-9258(20)38573-2/fulltext
https://academic.oup.com/hmg/article/26/14/2603/3829594
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7605537/
https://pubmed.ncbi.nlm.nih.gov/22454477/
https://pubmed.ncbi.nlm.nih.gov/21281795/
https://pubmed.ncbi.nlm.nih.gov/21281795/
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Lysosomal rupture is commonly assayed using the small molecule LLoME

(Otomo & Yoshimori, 2017). LLoME is a lysosomotropic molecule that, after

endocytosis and transport into lysosomes, is cleaved by the pH-dependent enzyme

cathepsin C, converting it into a detergent that selectively permeabilizes the lysosomal

membrane. Damaged lysosomes are removed by a form of autophagy called lysophagy.

Briefly, damaged lysosomes are coated by the autophagic cargo adaptor p62, which binds

LC3 on autophagosomes causing the engulfment of the lysosome and its degradation.

Immunocytochemical labeling of p62 and LC3 is routinely used to selectively identify

ruptured lysosomes (Otomo & Yoshimori, 2017; Lie et al., 2020).

Consistent with previous reports (Otomo & Yoshimori, 2017; Lie et al., 2020), I

found a 1 hour treatment of 600 uM LLoME in NPCs caused the accumulation of LC3B

and p62 positive punctate that colocalized with LAMP1 vesicles (Figure 3.10). In the

absence of LLoME, no LC3B or p62 punctate were formed in either control or CBE-

treated cells. After validating LLoME assays in NPCs, I performed LLoME assays in

DIV 30 neurons using conditions optimized in NPCs. I aimed to quantify both the

sensitivity of lysosomes to rupture and autophagic flux in the axons and soma of neurons

treated with or without CBE. However, I did not observe LC3B or p62 positive

aggregates after LLoME treatment in neurons, possibly because neurons have limited

Cathepsin C expression (Koike et al., 2012), which is necessary to cleave and activate

LLoME. There are also no reports of LLoME assays conducted in neurons, suggesting

neurons are not suitable for LLoME-based lysophagy assays. Because LLoME did not

appear to induce rupturing in neurons as it did in NPCs, I decided to use NPCs instead.

https://www.researchgate.net/profile/Xavier-Heiligenstein/publication/316594182_Analyzing_Lysosome-Related_Organelles_by_Electron_Microscopy/links/60197aaba6fdcc37a8fa6e0a/Analyzing-Lysosome-Related-Organelles-by-Electron-Microscopy.pdf#page=152
https://www.researchgate.net/profile/Xavier-Heiligenstein/publication/316594182_Analyzing_Lysosome-Related_Organelles_by_Electron_Microscopy/links/60197aaba6fdcc37a8fa6e0a/Analyzing-Lysosome-Related-Organelles-by-Electron-Microscopy.pdf#page=152
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7605537/
https://www.researchgate.net/profile/Xavier-Heiligenstein/publication/316594182_Analyzing_Lysosome-Related_Organelles_by_Electron_Microscopy/links/60197aaba6fdcc37a8fa6e0a/Analyzing-Lysosome-Related-Organelles-by-Electron-Microscopy.pdf#page=152
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7605537/
https://onlinelibrary.wiley.com/doi/pdf/10.1111/ejn.12096
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Figure 3.10. Validating rupture assays in Neural Progenitor Cells (NPCs).
(A) NPCs not treated with LLoME do not contain p62 punctate during basal conditions. (B, C)
600 uM LLoME treatment for 1 hour results in numerous p62 positive punctate that colocalize
with LAMP1 lysosomes in both control and CBE-treated NPCs. (D) NPCs not treated with
LLoME do not contain LC3B punctate under basal conditions. (E, F) 600 uM LLoME treatment
for 1 hour results in numerous LC3B positive punctate that colocalize with LAMP1 lysosomes in
both control and CBE-treated NPCs.

I conducted LLoME assays in control and 10 day CBE-treated NPCs to determine

whether CBE treatment influenced the sensitivity of the lysosomal membrane to

rupturing. Following LLoME treatment, cells were fixed and stained for LAMP1, to

identify lysosomes, and either p62 (Figure 3.10B, C) or LC3B (Figure 3.10E, F), to

identify damaged lysosomes. Cells were imaged at 630x using widefield fluorescence

microscopy. Images were analyzed using the ImageJ plugin ComDet, described above, to

determine the average intensity and size of p62 or LC3B positive punctate per cell

(Appendix; Figure A.5). Between CBE and control NPCs, there was no significant

difference in the average size, intensity, or number of p62 positive punctate per cell

following LLoME treatment (p > 0.05; n = 328 cells; Figure 3.11A, B, C). Similarly,

there was no significant difference in the average size, intensity, or number of LC3B

positive punctate per cell following LLoME treatment (p > 0.05; n = 161 cells; Figure

3.11D, E, F). These results suggest that CBE treatment does not alter the activation of

lysophagy, or the propensity of lysosomes to rupture, following the application of

LLoME.
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Figure 3.11. CBE does not influence lysophagy following lysosomal rupture.
P62 and LC3B positive punctate were analyzed by size, intensity, and number per cell using the
ComDet ImageJ plugin. (A, B, C) The number, area, and intensity of p62 positive punctate that
colocalized with LAMP1 structures were not significantly different between CBE and control
conditions (p > 0.05; n = 328 cells). (D, E, F) The number, area, and intensity of LC3B positive
punctate that colocalized with LAMP1 structures were not significantly different between CBE
and control conditions (p > 0.05; n = 161 cells).

Damaged lysosomes are turned over by lysophagy, and eventually regenerated by

lysosomal reformation. In order to determine if damaged lysosomes marked for

lysophagic destruction are properly turned over following CBE treatment, I conducted

LLoME assays and allowed cells 24 hours to recover. Following 24 hours recovery, both

control and CBE-treated cells rarely contained LC3B or P62 positive punctate suggesting

both control and CBE-treated cells had successfully turned over ruptured lysosomes. No

analysis was performed since there were no punctate structures to analyze by 24 hours. In

both CBE and controls, I also observed numerous LAMP1 tubules, indicating lysosomal

reformation (Appendix; Figure A.6). I also noticed an overall increase in the total number

of lysosomes 24 after LLoME compared to 1 hour after LLoME, indicating lysosomal
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reformation. Collectively, this suggests CBE treatment does interfere with the turnover of

damaged lysosomes.
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Chapter 4. Discussion

4.1. Summary

Lysosomes are acidic enzyme-rich organelles that traffic throughout axons to

assist in the disposal of damaged organelles and recycle macromolecules. Mutations in

most lysosomal enzymes are associated with diseases that present with neurodegeneration,

and lysosomal dysfunction is widely implicated in synucleinopathies like PD. The

lysosomal enzyme GCase is of particular interest because its loss of function not only

causes the LSD Gaucher’s Disease but is also a major risk factor for synucleinopathies.

Fundamentally, the mechanism by which GCase dysfunction promotes

neurodegeneration is not well understood. Because loss of GCase activity is associated

with lysosome enlargement and changes to biophysical properties of membranes, and the

efficiency of axonal transport is influenced by these factors, I investigated whether CBE

might disrupt the axonal transport of lysosomes.

The overarching goal of this thesis was to determine how GCase deficiency

disrupts lysosomal function in order to understand how it might contribute to

neurodegeneration or α-synuclein pathology. Although a thorough investigation of

lysosomal trafficking was my primary aim, CBE did not significantly interfere with

lysosomal transport. Additionally, CBE did not affect lysosomal exocytosis, a process

dependent on active transport. As such, I decided to explore other areas of lysosomal

biology with important implications for disease, including lysosomal size and rupturing.

However, CBE did not affect properties either. Collectively, these results suggest

lysosomal function in neurons is not deleteriously affected by the acute loss of GCase

function, and other avenues of investigation should be pursued as discussed in this

chapter.

4.2. Lysosomal Transport in GCase-Inhibited Neurons

My primary aim was to assess the axonal transport of lysosomes in neurons

deficient in GCase activity. The axonal transport of lysosomes is critical to maintaining
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axonal proteostasis, and deficiencies in axonal transport are linked to neurodegenerative

disorders. Thus, I investigated whether chronic inhibition of GCase with CBE affects the

efficacy of lysosomal transport in axons.

Despite complete inhibition of GCase activity, CBE had no effect on LysoBrite

vesicle transport but did cause a slight reduction in retrograde LAMP1 vesicle transport.

A reduction in the retrograde transport in LAMP1 vesicles (a marker of mature and

immature lysosomes), but not LysoBrite vesicles (a marker of mature lysosomes),

suggests transport deficiencies could be limited to pre-degradative subpopulations of

LAMP1, such as late endosomes or autophagosomes. Mechanistically, this could be a

consequence of GC accumulation because, in GD cell lines, GC also accumulates in

endosomes in addition to lysosomes (Hein et al., 2008). Because GC interacts with

cholesterol, a spillover of GC from the lysosome to the endosome could result in the

“jamming” of the endocytic/lysosome network by trapping cholesterol in endosomes

within GC-rich lipid rafts (Hein et al., 2008). In addition, GC behaves differently in

membranes at neutral pH, where it promotes rigidity, compared to an acidic pH, where it

promotes membrane fluidity and tubulation (Varela et al., 2017). The pH-dependent

properties of GC in membranes could disrupt membranes at neutral pH, such as

endosomes, but not at the acidic pH of lysosomes. Supporting a unique role of GC in

endosomes, GBA knockout cells develop endocytic protein trafficking defects and

misprocessing of plasma membrane receptors (and influenza virions) (Drews et al., 2019).

For example, after adding fluorescently labeled epidermal growth factor to cells, GBA

knockout lines show reduced uptake and delivery to lysosomes. These results, in addition

to mine, suggest that the membranous accumulation of GC has a disruptive effect

specifically on pre-acidic vesicles like endosomes or autophagosomes.

The spillover of GC from lysosomes to endosomes could increase endosome

membrane rigidity and alter lipid raft composition, thereby disrupting the recruitment or

association of motor proteins. Although the increased rigidity of lipid rafts reduces motor

protein slippage and thereby increases transport velocity (Grover et al., 2016), an aberrant

accumulation of lipid rafts could instead reduce transport. For example, because dynein

and its adaptors, such as ORP1L, cluster at lipid rafts (Rai et al., 2016), the saturation of a

https://www.sciencedirect.com/science/article/pii/S0022227520346915?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0022227520346915?via%3Dihub
https://pubs.rsc.org/en/content/articlehtml/2016/cp/c6cp07227e
https://journals.asm.org/doi/pdf/10.1128/JVI.00017-19
https://www.pnas.org/content/113/46/E7185.short
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4752818/
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vesicle’s membrane with lipid rafts could result in the dispersion of motor proteins over a

greater surface area. In this way, an increased proportion of membrane occupied by lipid

rafts would reduce motor protein clustering and interfere with their activation and

cooperative activity. Additionally, cholesterol accumulation, which increases the number

of lipid rafts, results in the sequestration of the motor proteins Arl8 and kinesin-1,

possibly preventing their movement to, and reactivation on, other vesicles (Roney et al.,

2021). A similar phenomenon could occur with dynein motors or adaptors because they

are also recruited to lipid rafts.

Lysosomal exocytosis is an important pathway by which lysosomes dispose of

excess waste and, importantly, is regulated by active transport. I hypothesized that the

inhibition of GBA with CBE would alter rates of exocytosis, perhaps by dysregulating the

transport or positioning of lysosomes near the membrane. To assay lysosomal exocytosis

I used a commercially available HEXB activity assay kit, whereby I collected media and

lysate from control and CBE-treated neuron cultures and measured the enzymatic activity

of HEXB using the fluorogenic substrate 4MU-N-acetyl-β-D-glucosaminide. The basal

levels of lysosomal exocytosis, as indicated by the percent of total HEXB in the media,

did not significantly differ between conditions. This suggests that the constitutive

secretion of lysosomes, which occurs in part through the regulated activation of motor

proteins like kinesin and myosin (actin-based motor protein), are not disrupted by CBE

treatment. This result was surprising because CBE, and GBA knockouts, were previously

linked to upregulated secretion of α-synuclein (Bae et al., 2015; Gegg et al., 2020;

Fernandes et al., 2016), which can occur by lysosomal exocytosis (Xie et al., 2021).

However, these studies only examined the effect of GCase deficiency on the secretion of

α-synuclein oligomers, not by lysosomal secretion specifically. My results show that

baseline rates of lysosomal secretion in neuronal cultures, in the absence of α-synuclein

oligomers, are not perturbed. However, it is possible that CBE only modulates lysosomal

exocytosis in the presence of α-synuclein pathology. Another possibility is that GCase

inhibition disrupts the exocytosis of other organelles, such as autophagosomes or

endosomes, and this process, not lysosomal secretion, facilitates α-synuclein secretion.

https://www.sciencedirect.com/science/article/pii/S1534580721003075
https://www.sciencedirect.com/science/article/pii/S1534580721003075
https://www.nature.com/articles/emm2014128
https://academic.oup.com/hmg/article/29/10/1716/5835664
https://www.sciencedirect.com/science/article/pii/S2213671116000308
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The retrograde transport velocity of LAMP1-GFP vesicles were significantly

reduced, leading me to hypothesize CBE was causing lysosomal enlargement. Increased

lysosomal size reduces axonal transport velocity, and reduces the entrance of lysosomes

into the axon. To my knowledge, my experiments are the only ones to date that

investigate the size of individual lysosomes in the axons of cultured neurons treated with

CBE. Although other studies also report lysosomal enlargement in cultured neurons, one

was conducted in GBA-PD iPSC lines without isogenic controls (Fernandes et al., 2016),

and others measured the total fluorescence intensity of LysoTracker (Kinghorn et al.,

2016; Westbroek et al., 2016), which would not be useful in determining individual

lysosome size. Another study found that the size of lysosomes in contact with

mitochondria are increased by CBE treatment, although the authors do not describe how

the size of individual lysosomes was quantified (Kim et al., 2021). Regardless, the most

likely explanation for the lack of lysosomal enlargement following CBE treatment in my

experiments is that lysosomes specifically in axons are not affected the same as

lysosomes in the soma. Lysosomes in the soma were not investigated because the

increased density of somal lysosomes obscures individual punctate, and their

quantification would require higher resolution and confocal microscopy for analysis. It is

also possible that substrate was not accumulating to a significant degree, or that the

mechanisms regulating lysosomal size remain functional resulting in the dilution of

substrate between an increased number of lysosomes. For example, my observation of

increased lysosomal density might indicate increased rates of lysosomal fission, a

mechanism of regulating lysosome size, to store excess GC, and could explain why

lysosomal size was not increased.

Lysosomal transport dynamics and size were unaltered in axons. The lack of

lysosomal dysfunction caused by CBE is consistent with some reports using CBE in

neuronal cultures. For example, a 10-day treatment of CBE (200 uM) did not upregulate

LC3 in primary neuron cultures and did not affect rates of lysosomal protein degradation

in SHSY5Y cells (Dermentzaki et al., 2013). The absence of proteostatic dysfunction is

also consistent with two in vivo reports that failed to find changes in p62 or LC3

expression in CBE-treated mice and a GD mouse model (Papadopoulos et al., 2018;

Migdalska-Richards et al., 2017). Supporting these results, an unbiased high throughput

https://www.sciencedirect.com/science/article/pii/S2213671116000308
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analysis of CBE-treated mice failed to detect a significant upregulation of p62 in the

brain (Pewzner-Jung et al., 2021). The expression of LAMP1 and various lysosomal

enzymes (e.g. cathepsins) are, in some studies, unaltered by GCase deficiency, suggesting

lysosomal dysfunction is not routinely observed (Migdalska-Richards et al., 2017;

Ambrosi et al., 2015). However, other studies have identified, in GCase deficient cells

and animal models, defects in numerous lysosomal properties, including increased pH

(Chakraborty et al., 2017; Sillence, 2013; Sanyal et al., 2020), reduced cathepsin

expression and activity (Yang et al., 2020; Sanz et al., 2017), or decreased overall

lysosomal degradation ability (Sanyal et al., 2020; Bae et al., 2015; Bourdenx et al., 2016;

Burbella et al., 2019). However, other studies have found increases in the number of

lysosomes or enzyme activity and expression (Zheng et al., 2021; Drews et al., 2019;

Magalhaes et al., 2016; Taguchi et al., 2017). My results provide evidence that CBE

treatment, at the dose and duration used in my experiments, and in the absence of

additional pathogenic variables, does not disrupt lysosomal function in the axons of

cultured neurons.

The reported effect of GCase deficiency on lysosomal function is contradictory in

the literature. These discrepancies likely arise because GCase deficiency is modeled in

many different systems - for example by using different GBA mutations (e.g., E326K,

L444P, N370S), cell types (e.g., primary neurons, human iPSC-derived neurons,

fibroblasts, immortalized cell lines), animal models (e.g., zebrafish, drosophila, C.

elegans, mouse models), or using CBE, which is applied at different dosages and

durations. In addition, many studies examining the effect of GBA mutations do not use

isogenic controls, and instead use healthy age-matched controls (Lang et al., 2019;

Fernandes et al., 2016; Woodard et al., 2014), which may limit the interpretation of their

results. Between different animal models and cell types, GBA mutations, and using CBE

to induce GD phenotypes, the reported lysosomal phenotype varies greatly.

In addition to lysosomal transport, I also investigated mitochondrial transport. I

observed a slight decrease in retrograde mitochondrial transport velocity, but the effect

size is probably not large enough to be biologically significant. The lack of a more severe

mitochondrial transport defect is surprising because GCase knockout and mutation
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models are reported to cause mitochondrial fragmentation, reduced oxidative respiration,

and defective mitophagy (Osellame et al., 2013; Li et al., 2017; Cleeter et al., 2013; Gegg

& Schapira, 2016). Although mitochondrial transport was largely unaffected by CBE in

my experiments, it is possible that mitochondrial function generally was disrupted.

However, I did not observe any change in mitochondrial occupancy in the axon, which I

would expect to be increased if mitochondrial function were altered because deficiencies

in mitochondrial function lead to a compensatory increase in the density of mitochondria

in axons (Laar et al., 2018). In addition, inhibition of mitochondrial respiration promotes

the retrograde flux of mitochondria (Miller & Sheetz, 2004), but I did not find CBE to

affect mitochondrial flux. Collectively, my analysis of mitochondrial transport and axon

occupancy does not support the hypothesis that GCase deficiency interferes with

mitochondrial function in axons. However, it is possible mitochondrial function in the

soma could be disrupted, or a longer CBE treatment regimen was needed to cause

mitochondrial dysfunction.

My experiments demonstrate that CBE has a negligible effect on the dynamics of

lysosomal and mitochondrial transport in axons. However, because both LAMP1 vesicles

and mitochondria traffic with reduced retrograde velocity, GCase deficiency might

nonspecifically interfere with retrograde transport dynamics. One report, in chronic CBE-

treated mice, observed increased expression of dynein, dynactin, and alpha-tubulin, and

decreased beta-tubulin, in the substantia nigra (Rocha et al., 2015). Although it is not

clear how CBE caused this effect, it could indicate that CBE dysregulates retrograde

transport and/or microtubule dynamics, resulting in compensatory upregulation of

retrograde transport machinery. As discussed above, the membrane accumulation of GC

is known to promote the formation of lipid rafts and alter their composition, which might

interfere with retrograde transport because dynein clusters at lipid rafts (Figure 4.1;

Pathak & Mallik, 2017; Rai et al., 2016). This phenomenon could occur in a model of

Krabbe’s disease, an LSD caused by mutations in the lysosomal enzyme GALC resulting

in the accumulation of galactosylceramide (Teixeira et al., 2014). Primary neurons with

deletions in the lysosomal enzyme GALC have an increased number of lipid rafts due to

the accumulation of its substrate. Coincident with increased lipid rafts, neurons have

reduced rates of retrograde, but not anterograde, LAMP1-GFP transport. The magnitude
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of LAMP1-GFP transport reduction in GALC knockout neurons was larger than in my

experiments. This is likely because the authors used a knockout model, which probably

creates a more severe lipid accumulation phenotype than my model using a GCase

inhibitor, which does not completely block activity. Although I did not directly assess GC

accumulation or abnormalities in lipid rafts, I hypothesize that the decreases in LAMP1-

GFP and mitochondrial transport may be caused by changes in the composition or

number of lipid rafts due to GC accumulation. However, because CBE induces a more

dramatic lipid accumulation phenotype than GBA mutations, the relatively small effect of

CBE on retrograde transport is unlikely to have physiological parallels to diseases caused

by minor GBA mutations (e.g., N370S).

Figure 4.1. Lipid rafts are important for dynein-mediated retrograde transport.
Lipid rafts facilitate the efficient transport of lysosomes and pre-degradative vesicles like
phagosomes by recruiting and clustering dynein. However, changes in the composition of lipid
rafts, or a general expansion in total membrane occupied by lipid rafts, might disrupt dynein-
dependent transport. (Pathak & Mallik, 2017).

I observed a significant decrease in the velocity of LAMP1 vesicle and

mitochondrial retrograde transport, an effect that is consistent with other models of PD.

For example, mutations in the PD-associated kinase LRRK2, which results in constitutive

kinase activity, disrupt retrograde autophagosome transport in primary cortical neurons,

although it had no effect on LAMP1 vesicle transport (Boecker et al., 2021). The

overexpression of pathogenic A53T α-synuclein is also linked to the defective retrograde,

but not anterograde, transport of BDNF signaling endosomes (Fang et al., 2017). A

disruption of endosomal transport is consistent with another study demonstrating axonal

https://www.sciencedirect.com/science/article/pii/S0960982221003055
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aggregates of α-synuclein (Lewy neurites), induced by adding preformed fibrils,

selectively blocks the transport of signaling endosomes and autophagosomes (Volpicelli-

Daley et al., 2014). In iPSC-derived neurons with SNCA duplications, the velocity of

mitochondrial transport is severely decreased compared to age-matched healthy controls

(Prots et al., 2018). In primary cortical neurons missing the lysosomal enzyme GALC

(discussed above), which is also a PD GWAS risk locus (Chang et al., 2017), retrograde

LAMP1 transport is decreased (Teixeira et al., 2014). Collectively, these studies indicate

a link between retrograde transport dynamics and PD. Because I observed a decrease in

LAMP1 vesicle and mitochondrial retrograde transport following GCase inhibition, my

results support a possible link between defective retrograde transport and PD.

4.3. Lysosomal Rupture

The lysosomal membrane separates its acidic enzyme-rich lumen from the rest of

the cell. When this barrier is ruptured, the lysosome releases its enzymes causing non-

specific protein cleavage in the cytosol and disrupting proteostasis. Subsequently,

lysosomes are removed via a form of autophagy called lysophagy whereby the damaged

lysosome is sequestered in an autophagosome and degraded. The effect of GCase

inhibition on lysosomal rupture has not been examined, but one study reported increased

cytosolic lysosomal enzymes in dopamine neurons of a GD mouse model, indicating

lysosomal permeability and leakage (Soria et al., 2017). Additionally, lysosomal rupture

is known to be affected by changes in lysosomal membrane composition (Lie et al., 2020;

Johansson et al., 2010). Thus, I hypothesized that inhibition of GCase will sensitize

lysosomes to rupturing, which would offer mechanistic insight into how GBA mutations

promote α-synuclein spread or aggregation.

In NPCs, I found LLoME treatment for 1 hour caused a massive flux of p62 and

LC3 onto LAMP1 positive vesicles, as previously reported (Otomo & Yoshimori, 2017;

Liu et al., 2020). However, the treatment of NPCs for 10 days with CBE did not modify

lysosomal rupturing following LLoME treatment. Specifically, CBE treatment did not

affect the staining intensity of p62 or LC3B at LAMP1 structures, suggesting lysophagy

is initiated with similar efficacy. In addition, the average number of p62 or LC3B positive
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lysosomes per cell was not significantly different, suggesting LLoME did not affect the

overall propensity of lysosomes to rupture. These results demonstrate that CBE does not

influence the severity of lysosomal rupturing or the immediate ability of the cells to

respond to them by lysophagy. In addition, lysophagy was successfully resolved by 24

hours, since both p62 and LC3B positive lysosomes were adequately cleared at this time

point. This suggests that CBE also does not disrupt the resolution of lysophagy.

Collectively, my results do not support the hypothesis that the loss of GCase activity

sensitizes lysosomes to rupture, and nor does it disrupt the reformation of lysosomes in

NPCs.

Lysosome rupturing is an important pathogenic process in models of

synucleinopathy. For example, in cells exposed to α-synuclein oligomers, α-synuclein

collects into lysosomes (Tsujimuru et al., 2015; Richard et al., 2017), where the acidic

environment may stabilize oligomeric conformations of α-synuclein (Stephens et al.,

2019). However, α-synuclein permeabilizes and lyses the lysosomal membrane in order

to escape and spread between neurons (Richard et al., 2017). Based on these studies, I

hypothesized that GCase inhibition, and the resulting accumulation of GC in the

lysosomal membrane, would compromise the lysosomal membrane’s integrity and

increase its sensitivity to rupturing, and thereby link GCase to the prion-like spread of α-

synuclein. However, my results do not support this hypothesis because there was no

difference in the propensity of lysosomes to rupture by LLoME. One possibility is simply

that the inhibition of GCase with CBE did not alter membrane composition, or that

changes in lipid composition did not alter lysosomal sensitivity to rupturing. On the basis

of my results, it is unlikely that GBA mutations, and the accumulation of GC in lysosomal

membrane, contribute to the prion-like spread of α-synuclein by disrupting lysosomal

membrane integrity. However, as discussed later, the pre-existing presence of α-synuclein

aggregates may be necessary for the manifestation of GCase-induced lysosomal

dysfunction.
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4.4. Limitations

As a model for GBA mutations, I used CBE to pharmacologically block GCase

activity, and then assessed axonal transport in iPSC-derived neurons from a healthy

patient. Although this approach had advantages, the use of CBE and iPSC-derived

neurons also presented several limitations.

The use of iPSC-derived human neurons has garnered significant interest in recent

years, but their capacity to model complex neurological disorders is limited. iPSCs are

generated by reprogramming, or dedifferentiating, a patient’s somatic cells, such as

fibroblasts, using transduced transcription factors (i.e., “Yamanaka factors”) (Takahashi

& Yamanaka, 2006). However, this process erases many signatures of aging, such as

DNA methylation, and thereby rejuvenates the cells into a naive infantile-like state

(Mertens et al., 2018). Because advanced age is the most important risk factor for GBA-

associated synucleinopathies, which are almost always late-onset, the use of rejuvenated

iPSCs from a healthy patient are likely missing critical features of aging required to

model disease. Additionally, patients with neurodegenerative disorders like PD and DLB

progress through exceptionally long prodromal stages that predate disease onset by

roughly 20 years (Hawkes et al., 2010). Due to these factors, the ability to accurately

model complex polygenic neurodegenerative disorders like PD, which is idiopathic in up

to 95% of cases (Reed et al., 2019), is uncertain in iPSC-derived models.

Another shortfall of iPSC-derived neurons is that developmental trajectories and

rates of maturation vary significantly between individuals. For example, substantial

variations in gene expression and neuronal differentiation capacity between iPSC-derived

neurons from different individuals create issues of reproducibility (Strano et al., 2020).

The efficiency of neuron differentiation and maturation also vary within cultures. In my

neuron cultures, I observed a wide range of maturity states indicated by the degree of

dendritic ramification, a common indicator of neuronal maturity (Nicholas et al., 2013;

Bardy et al., 2016). For example, within the same culture, some neurons grew short and

stubby dendrites, while other neurons developed highly elaborate branching dendritic

arborizations. In addition, the size of the neuronal somas, which also correlates with
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neuron maturity, varied widely between cells. Based on dendrite morphology and somal

size, I speculate that many different neuronal subtypes, perhaps with different expression

profiles, were present in my cultures. Indeed, I confirmed that my cultures had at least

generated excitatory and inhibitory neurons. Because the effect of CBE, and lysosomal

transport dynamics, might vary by cell type and maturity, the heterogeneity of neurons in

my cultures may have contributed to the variability of my data.

Ensuring the biological reproducibility of experimental results is a pillar of the

scientific method. Although most of my experiments implemented multiple technical

replicates (e.g., trafficking data were gathered from multiple independently differentiated

cultures), my thesis did not use biological replicates. For iPSC research, a biological

replicate is an iPSC line from a different individual, and, typically, at least three

biological replicates are necessary for iPSC research. I used only one iPSC line for my

thesis which limits the interpretation of my results. For example, as discussed in Chapter

1, the phenotype arising from GBA mutations varies dramatically between individuals,

perhaps as a result of genetic or epigenetic factors. As such, the vulnerability of neurons

to CBE may also vary greatly between individuals. In other words, it is possible that

neurons derived from another individual could show defects in axonal transport and

lysosomal dysfunction following CBE treatment. However, a drawback to using multiple

lines, as described above, is the potential variability in neuronal differentiation capacity

between iPSC lines. Issues of differentiation efficiency can be ameliorated, for example

by strict quality control measures and using streamlined protocols (Knock & Julian,

2021), but the workload required to assess my primary aims was not realistically feasible

across multiple iPSC lines. Thus, multiple iPSC lines are important to confirming the

biological reproducibility of data, but due to the workload and potential obstacles in

differentiation, biological replicates were not used in the current thesis.

In order to model GCase deficiency, my original plan was to use iPSC-derived

neurons containing GBA deletions with isogenic controls. However, due to the COVID19

pandemic, and other delays, acquiring these cell lines was not possible in the timespan of

a Masters project. I decided to instead use CBE, which has been used to

pharmacologically model GBA mutations in vivo and in vitro for decades (Newburg et al.,

https://www.sciencedirect.com/science/article/pii/0014480088900688
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1988; Stephens et al., 1978). In animal models, chronic CBE treatment elicits a

transcriptomic signature and neuropathology that closely mirrors GBA mutations or

deletions (Pewzner-Jung et al., 2021), and “provides a rapid and relatively easy way to

induce symptoms typical of neuronal forms of GD” (Vardi et al., 2016). CBE, therefore,

blocks GCase activity and mimics GBA deletions. Although iPSC cell lines with

deletions in GBA are a more physiological model of disease, their use would have also

required isogenic controls, which are not widely or cheaply available. Additionally,

iPSC-derived neurons with GBA deletions may have presented other problems, such as in

their capacity to differentiate and mature into neurons. Regardless, I ultimately used CBE,

but the use of a chemical inhibitor comes with important limitations.

The dose and duration of CBE in cell culture used to model GD vary wildly in the

literature. For example, durations of CBE range from 24 hours to 60 days (Noelker et al.,

2015; Prence et al., 1996), and 10 to 2000 uM in concentration (Kilpatrick et al., 2016;

Sun et al., 2015). I ultimately chose a conservative treatment regimen (100 uM for 10

days) that, from other studies, is sufficient for GS/GC accumulation (Batta et al., 2018;

Sillence et al., 2002). However, despite confirming reduced GCase activity, I did not

directly assess GC/GS accumulation and I cannot confirm GC/GS were accumulating in

my model cells. Though, had I observed a significant deficiency in axonal transport (or

rupturing/exocytosis), measuring the levels of GC/GS by mass spectrometry would have

been my next aim. Regardless, longer durations of CBE, perhaps for the entire 30 day

neuronal maturation period, might have been necessary to aggravate a more pronounced

phenotype in my model neurons. However, CBE induces a much more dramatic loss of

enzymatic activity than GBA mutations associated with synucleinopathies, such as the

N370S mutation which only reduces catalytic activity by ~30% (Sanchez-Martinez et al.,

2016). Thus, longer CBE treatments risk deviating from an accurate model of disease but

might have been necessary to prompt lysosomal dysfunction and study its contribution to

disease.

As a chemical inhibitor of GCase, CBE only reduces GCase activity and does not

interfere with possible non-catalytic functions of GCase. The poor correlation between

GCase activity and disease severity could indicate additional non-catalytic activities of
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GCase are influencing disease. The association of certain GBA mutations, but not others,

with neurodegenerative disease, supports the hypothesis that a mechanism independent of

catalytic activity is promoting neurodegeneration. For example, the GBA mutation E326K

is exclusively associated with PD but has not been linked to GD (Duran et al., 2013).

Similarly, some GBA mutations (e.g., L444P) are associated exclusively with neuropathic

GD, while other GBA mutations (e.g., N370S) are not associated with neuropathic GD,

despite both mutations reducing enzymatic activity (Stirnemann et al., 2017; Hruska et al.,

2008). Mechanistically, GBA mutations can result in its retention in the endoplasmic

reticulum, activating the unfolded protein response and thereby presenting a gain-of-

function (GoF) toxicity (Suzuki et al., 2013), although another study disputes this finding

(Farfel-Becker et al., 2009). Additionally, co-immunoprecipitation experiments

demonstrate a direct interaction between GCase and α-synuclein in the lysosome, where

it reportedly functions as a folding chaperone (Yap et al., 2011). A direct interaction

between GCase and α-synuclein is also supported by a high throughput experiment of

GCase-interacting proteins (Pourhaghighi et al., 2020). Furthermore, from post mortem

analysis of PD brain samples, GCase is detected in a majority of Lewy bodies in patients

with GBA-PD, but rarely in iPD cases (Goker-Alpan et al., 2010). These studies suggest

mutant GCase may acquire a non-catalytic GoF in synucleinopathy. However, the GoF

theory of GCase is generally inconsistent with other research. For example, GBA

knockouts and catalytic inhibitors of GBA are widely used in models of disease, which

would not be possible if GBA were exerting a GoF. Similarly, GD and PD patients with

GBA deletions have been identified (Lesage et al., 2011). Generally, lysosomal storage

disorders caused by mutations in lysosomal enzymes are believed to be principally

caused by deficient catalytic activity (Franco et al., 2018). However, a unique GoF

toxicity caused by GBA mutations, and therefore not modeled by catalytic inhibitors of

GBA, cannot be ruled out.

4.5. Future Directions

In the current thesis, I aimed to determine how GCase deficiency contributes to

neurodegeneration by examining its impact on lysosomal function in cultured neurons.

However, at least three critical pathogenic factors contributing to GBA-associated

https://pubmed.ncbi.nlm.nih.gov/23225227/
https://www.mdpi.com/1422-0067/18/2/441
https://onlinelibrary.wiley.com/doi/pdfdirect/10.1002/humu.20676
https://onlinelibrary.wiley.com/doi/pdfdirect/10.1002/humu.20676
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0069147
https://academic.oup.com/hmg/article/18/8/1482/584884
https://www.jbc.org/article/S0021-9258(20)57525-X/fulltext
https://www.sciencedirect.com/science/article/pii/S2405471220301095
https://link.springer.com/article/10.1007/s00401-010-0741-7
https://pubmed.ncbi.nlm.nih.gov/20947659/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6031742/


80

disorders were not modeled in my experiments and would be useful to include in future

experimentation. First, CBE in the absence of additional disease-associated stressors,

namely α-synuclein pathology or aggregation, may be insufficient to study its

contribution to neurodegenerative disease. Second, the role of GCase inhibition in

neurodegeneration might not be adequately modeled by in vitro neuronal cultures which

fail to model the overwhelming complexity of brain tissue. And lastly, dopaminergic

neurons are selectively vulnerable in synucleinopathies, and a large body of research

implicates the metabolism of dopamine in GBA-PD pathogenesis. In this section, I

discuss the importance of these factors and why future studies should include them in

models of GCase deficiency.

The contribution of GCase deficiency to neuronal dysfunction may critically

require additional pathogenic factors, including most importantly α-synuclein. In cultured

neurons, CBE treatment alone does not reduce cell viability (Henderson et al., 2020;

Canamas et al., 2020). However, in the presence of α-synuclein pathology CBE is toxic

to neurons (Noelker et al., 2015), although another study did not find increased toxicity

of CBE after α-synuclein oligomer application despite accelerated α-synuclein

aggregation (Henderson et al., 2020). Mutations in GBA synergize with α-synuclein

mutations in vivo, prompting neurodegeneration. For example, dopaminergic neuron

degeneration in animals with SNCA mutations is enhanced by GBA mutations (Ikuno et

al., 2019; Migdalska-Richards et al., 2017). Similarly, GBA mutations increase dopamine

neuron degeneration in models of α-synuclein injection (Migdalska-Richards et al., 2017).

Because GCase deficiency enhances α-synuclein aggregation, and α-synuclein causes a

variety of lysosomal defects, such as increased lysosomal permeability (Freeman et al.,

2013), decreased degradative capacity (Mazzulli et al., 2016), and enlargement (Hoffman

et al., 2019), GCase deficiency may indirectly compromise lysosomal function by

promoting α-synuclein aggregation. These studies suggest the upregulation of α-

synuclein, or its aggregation, are important contributors to the vulnerability of neurons

following the loss of GCase activity.

In developing neurons, α-synuclein expression first appears in the soma and

nucleus, and its localization to pre-synapses occurs only in later stages of synaptogenesis.

https://www.sciencedirect.com/science/article/pii/S0896627319310463
https://academic.oup.com/braincomms/article/3/1/fcaa200/5983328#232525338
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For example, in primary hippocampal neurons, α-synuclein expression begins as early as

5 days in vitro but only begins accumulating in presynaptic compartments after 14-17

days (Withers et al., 1997; Yang et al., 2010). Because iPSC-derived neurons are

relatively immature compared to primary neurons, the neurons I used may not have

expressed α-synuclein to a significant extent, or in its physiological pre-synaptic location,

which could have limited the effect of CBE. For example, because α-synuclein interacts

with various proteins involved in axonal transport (Chung et al., 2017), and its

overexpression causes axonal transport dysfunction (Prots et al., 2018), CBE might

indirectly interfere with transport by promoting α-synuclein toxicity. A similar issue of

neuronal maturation occurs in iPSC-derived neuron models of Tauopathy, in which a

pathogenic mutant Tau isoform only begins to express after six months of neuron

maturation, and its expression is essential for axonal transport dysfunction (Beevers et al.,

2017). Regardless, future experiments studying the role of GCase in synucleinopathy

should consider it necessary to induce or aggravate α-synuclein expression in conjunction

with CBE treatment, as α-synuclein is a critical link between GD and PD. For example,

isogenic iPSC lines with SNCA triplication have recently become available and could be

an invaluable tool in the study of GCase deficiency in synucleinopathy. Collectively, I

think the results of my experiments on lysosomal transport, rupturing, or exocytosis could

have yielded different results in models of α-synuclein such as SNCA triplication neurons.

The brain is a remarkably sophisticated ecosystem of neuronal and glial subtypes

that are constantly interacting and engaging in communication. In mono-cultured neurons,

many complex neurological processes in the brain are not modeled, such as axon

myelination or microglial inflammation. In GD patients and animal models of GD,

astrocytic and microglial inflammation is an important pathogenic process in disease, and

modeling these factors in cultured neurons may be essential to studying GCase.

Neuroinflammation is implicated in GCase-associated neurodegeneration and is

routinely observed in post mortem analysis of neuropathic GD and GBA-PD patients

(Kaye et al., 1986). In a mouse model of GD, patterns of neurodegeneration are

temporally and spatially correlated with the activation of microglia (Farfel-Becker et al.,

2011). In addition, two high throughput transcriptome analyses of mouse brain tissue

https://www.sciencedirect.com/science/article/pii/S0165380696002106?casa_token=LlDt0WfNHFEAAAAA:Kp3RoTOlZkan8fEHw1ElO7oc7MFioxAPCuBSWlWDL-Dg6FyM0vjBC0COICnQRROSvAcno4YNcZU
https://link.springer.com/article/10.1186/1750-1326-5-9
https://www.sciencedirect.com/science/article/pii/S2405471217300029
https://www.pnas.org/content/115/30/7813?etoc=
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following CBE treatment demonstrate the majority of upregulated genes are related to

activated astrocytic or microglial gene ontologies (Pewzner-Jung et al., 2021; Vardi et al.,

2016). Neuroinflammation likely stems from the lysosomal accumulation of GC in

microglia from the phagocytosis of cellular debris, promoting inflammation by several

mechanisms. Excessive GC storage activates microglia, converting them into a

proinflammatory state and triggering the release of proinflammatory cytokines (Vitner et

al., 2012; Pewzner-Jung et al., 2021). In GD patients and animal models, excess GC also

stimulates the production of GC-specific IgG autoantibodies that may trigger neurotoxic

complement cascades (Pandey et al., 2017; Nair et al., 2016). In this model, GC-targeting

autoantibodies bind to complement receptors on macrophages, activating cleavage of the

complement protein C5 into C5a, its activated counterpart. Subsequently, C5a binds

complement receptors, such as C5aR1, on immune cells triggering the production and

secretion of proinflammatory cytokines. Remarkably, the deletion of the complement

receptor C5aR1 is sufficient to prevent neuroinflammation and death in CBE-treated

mice (Pandey et al., 2017). Similarly, the deletion of RIPK3, a critical modulator of

inflammatory cell death (necroptosis), is strongly neuroprotective in GD mouse models

(Vitner et al., 2014). My observation of activated astrocytes, indicated by increased

GFAP staining intensity, following CBE treatment supports the hypothesis that

neuroinflammation is a fundamental and early factor in GCase-associated

neurodegeneration. Thus, future in vitro studies should incorporate aspects of

neuroinflammation to study GCase in neurons, for example with microglial co-cultures or

in organoids that contain glial subtypes.

Dopamine (DA) neurons of the substantia nigra are the primarily affected neuron

population in synucleinopathies. In the brain, DA neurons terminate in the striatum with

massive arborizations, exceeding a millimeter in total length, and forming 1-2 million

DArgic synapses (Figure 4.2; Hunn et al., 2015; Bolam et al., 2012). In order to

energetically sustain such a vast number of synapses, DA axons harbor an exceptionally

high density of mitochondria (Pacelli et al., 2015). The expansive size of DA neuron

arborizations and heightened mitochondrial oxidative metabolism to sustain them are key

contributors to their vulnerability to degeneration. For example, the vulnerability of DA

neurons to MPTP, Rotenone, or 6-OHDA, compounds used to mimic PD lesions in mice,

https://www.sciencedirect.com/science/article/pii/S0301008220301945?casa_token=Rbp9kGAhxpoAAAAA:6x21WX5w1htmAIkIurMxIXbfwKogqp-R49IlmUSyTvggaSg0aEfHrhjNk_PISZ-yMQUBnyWLkg
https://onlinelibrary.wiley.com/doi/abs/10.1002/path.4751
https://onlinelibrary.wiley.com/doi/abs/10.1002/path.4751
https://academic.oup.com/brain/article/135/6/1724/330278
https://academic.oup.com/brain/article/135/6/1724/330278
https://www.sciencedirect.com/science/article/pii/S0301008220301945?casa_token=vxwkhAC07xQAAAAA:EnvlzTHopvLk9deMZ3-8ltS-utD00n3KvIbkVVyyJGjb9P9h61hNU_UU0R-Nx-q21C99n7J4tA
https://www.nature.com/articles/nature21368
https://www.nejm.org/doi/full/10.1056/NEJMoa1508808
https://www.nature.com/articles/nature21368
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depends on the size of DA neuron arborizations (Pacelli et al., 2015; Giguere et al., 2019).

The metabolism of DA is another critical aspect of DA neuron vulnerability because it is

a highly oxidative process generating reactive oxygen byproducts that damage proteins.

For example, the immediate catabolite of dopamine, DOPAL, is a highly reactive

molecule that oxidatively cross-links proteins causing aggregation (Masato et al., 2019).

The metabolism of DA, coupled with a high basal rate of protein oxidation (Floor &

Wetzel, 1998), increases protein oxidation in distal synapses and may necessitate

increased rates of axonal transport to dispose of damaged material. Compounding these

challenges, DA neurons form thin and unmyelinated axons (Kramer et al., 2020),

possibly predisposing them to axonal varicosities or other transport deficiencies. Thus,

the supply of synapses with new material, and the degradation of damaged proteins and

organelles, is an exceptional challenge for DA neurons and exposes them to degeneration

in disorders of lysosomal dysfunction.

Figure 4.2. Dopamine neurons produce massive and elaborate axonal arborizations.
(A) Dopamine neurons in the substantia nigra, the primary affected population in PD, send axons
into the striatum where they terminate. (B) The tracing of a single dopamine neuron arborization
in the striatum reveals the incredible degree of axonal ramification and contextualizes the
challenge of their maintenance by axonal transport. (Hunn et al., 2015).

GCase deficiency is linked with alterations in DA metabolism, and this may be an

important aspect of GBA-associated synucleinopathy. For example, non-manifesting GBA

mutation carriers show increased DA transporter activity in the striatum compared to

LRRK2-PD and age-matched controls, which may indicate a compensatory upregulation

https://www.sciencedirect.com/science/article/pii/S0960982215008842
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of DA receptors in response to deficient DAergic metabolism (Simuni et al., 2020).

Supporting this notion, DA neurons from GBA-PD iPSC’s are deficient in DA

production (Woodard et al., 2014) but have increased levels of oxidized DA (Burbulla et

al., 2019). Because DA oxidizes macromolecules, such as membranes or proteins, its

aberrant metabolism could increase degradative demand or impinge on lysosomal

function. Thus, in the context of my experiments, it is possible that lysosomal processes,

such as transport or rupture, could be differentially influenced by CBE when conducted

in DA neurons and future studies should employ DA neurons when modeling GCase.

Protocols for the streamlined differentiation of DA neurons from iPSCs are known (Kriks

et al., 2011), but the limited efficiency of DA neuron induction (~5-20%) (Salti et al.,

2013), and varying degree of DA metabolism, complicates their implementation.

However, more robust protocols for DA differentiation are currently being developed, as

well as other strategies such as fluorescence-activated cell sorting of DA-expressing

neurons (Woodard et al., 2014), and these approaches could be instrumental for GCase

research.

4.6. Conclusion

Although my work was not able to identify a pathogenic mechanism of GCase

deficiency in neurons, I ruled out important lysosomal pathways commonly implicated in

neurodegeneration. The absence of dysfunction in lysosomal transport, rupture, or

exocytosis, after prolonged CBE treatment, indicates the lysosomal membrane may not

be disrupted by GCase deficiency in neurons. My results are surprising because a number

of studies report alterations in lysosomal function generally, although none have

explicitly examined these pathways in cultured neurons. Overall, I interpret my results as

indicating lysosomal transport, exocytosis, and rupturing are not affected by changes in

membrane composition as a result of CBE treatment in neurons derived from a healthy

patient. These findings are significant because GCase is currently studied in the context

of various cell types, including neurons, macrophages, microglia, or astrocytes, and my

results support the study of GCase dysfunction in non-neuronal cell types. On the basis of

my results, CBE treatment of neurons in isolation, and without additional disease-

relevant factors (e.g., α-synuclein pathology or DA metabolism), should not be expected

https://www.sciencedirect.com/science/article/pii/S1474442219303199?casa_token=NHIygG4zm_0AAAAA:EzTV0ae0S6wbDCH4AxbxOcnu3NX_snm5UTPnqb-rCC9M9_n08TSjhhPm-er8_CiRcKmfhIA2UA
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to cause a robust lysosomal phenotype, and more complex models of disease that

incorporate these variables will be useful in studying GCase.

In conclusion, my work does not support the hypothesis that loss of GCase causes

robust lysosomal transport dysfunction, and supports the study of GCase in more disease-

relevant model systems, such as in combination with α-synuclein pathology or in

dopaminergic iPSC-derived neurons.
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Appendix A.

Figure A.1. iPSCs express OCT4 and NPCs express Nestin and SOX2.
iPSC used to generate NPCs cultured and stained by Yanping Zhu (Simon Fraser University)
express the pluripotency marker OCT4. Following differentiation in NPCs, they express NESTIN,
PAX6, and SOX2, which are common markers for the identification of neural stem cells.
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Figure A.2. Isolation of iPSC-derived neuron axons.
Isolated axons from micro island cultures in control (left) and CBE (right) treated cultures appear
healthy and do not show obvious signs of degeneration.
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Figure A.3. ComDet punctate analysis pipeline.
ComDet uses a Gaussian Mexican hat filter convolution to enhance spots, which are
automatically thresholded. Speckles are removed with dilution and erosion operations, and
leftover spots are individually analyzed for integrated intensity and area.

Figure A.4. Neurons plated as micro islands grow isolated axons.
To isolate and analyze individual axons for LysoBrite trafficking, neurons were plated as micro
islands. Differentiated NPCs were plated into cloning cylinders that were removed. By 3 days
(left) neurites begin extending and by 27 days (right) axons have extended far from their cell
bodies.
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Figure A.5. ComDet identifies punctate and colocalization.
NPCs treated with LLoME and stained for p62 (green) and LAMP1 (red) are analyzed by
ComDet. Individual LAMP1 punctate identified by ComDet (red arrow) and colocalizing p62
punctate (yellow arrow) are measured for intensity and size in both channels. Total number of
p62 punctate per cell is also analyzed.
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Figure A.6. Lysosomal reformation 24 hours after LLoME.
An NPC showing evidence of lysosomal reformation, indicated by LAMP1 positive tubules
extending from LAMP1 vesicles (arrow).

Figure A.7. LAMP-GFP axonal transport movie.
Movie demonstrating LAMP-GFP positive organelles are robustly transported in the axons of
neurons.

Figure A.8. Lysobrite axonal transport movie.
Movie demonstrating lysobrite positive organelles are transported in the axons of neurons.

Figure A.9. MTS-DsRed2 axonal transport movie.
Movie demonstrating the axonal transport of mitochondria labeled by MTS-dsRed2 transfection.
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