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Abstract

The role of glia and CED-1/MEGF10 in C. elegans models of Parkinson’s disease

German Rojas

Chair of Supervisory Committee:
Aakanksha Singhvi

Department of Neurobiology and Biophysics

Parkinson’s disease (PD) is marked by progressive dopamine neuron degeneration, but the
phagocytic receptors and cells that clear dopamine neuron corpses are unknown. Further, while
other cell types like glia, skin, and muscle are also affected in PD, their role in disease
progression is unclear. In my thesis project, I found that astrocyte-like CEPsh glia are neurotoxic
in C. elegans PD models by regulating the neuronal dopamine biosynthesis enzyme CAT-
2/tyrosine hydroxylase. I also identified epithelia and muscle as the phagocytes for dopamine
neuron corpses. They engulf by recognizing phosphatidylserine on necrotic-like neuron corpses
via the conserved receptor CED-1/Draper/MEGF10. Loss of ced-1 protects from loss of
dopamine neurons but does not protect against the impairment of associated dopaminergic
behaviors. Altogether, my thesis work provides evidence for the involvement of glia, muscle, and
epithelial cells as potential mediators of dopamine neuron degeneration. Thus, my thesis work
suggests that PD may be a disease of multi-organ dysfunction and could inform future

therapeutic interventions.
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Chapter 1

INTRODUCTION

“If you do not have a proven treatment for certain illnesses, bide your time, do

what you can, but do not harm your patients.”

Jean-Martin Charcot, 1888

Descriptions of Parkinson’s-like symptoms can be found in several ancient texts such as
the Old Testament (2000-440 BC), the Caraka Samhita on Ayurvedic medicine (~1000 BC), the
Yellow Emperor Internal Classic on traditional Chinese medicine (425-221 BC), a papyrus from
Egypt (1350 — 1200 BC), and the Akkadian Diagnostic Handbook from Mesopotamia (1069 —
1046 BC) to name a few (Li and Le, 2017; Raudino, 2012). People continued to record these
descriptions into modern times, but the biological basis of the disease remained unclear. Finally,
in 1817, James Parkinson published the first description of Parkinson’s disease as a neurological
disorder in a monograph titled “An Essay on the Shaking Palsy” (Li and Le, 2017; Parkinson,
2002). Over 50 years later, Jean-Martin Charcot and his students furthered our understanding of
the disease. He recognized that there was a spectrum of symptoms, and that paralysis and tremor
were not always present (Charcot 1872). Thus, he rejected the designation of the disease as a

shaking palsy and was the first to suggest the name “Parkinson’s disease” after James



Parkinson’s seminal work (Goetz, 2011). Finally, in 1899, Edouard Brissaud suggested that
Parkinson’s originated from damage to the substantia nigra (Brissaud 1899).

Around the same time, our understanding of neurons and glia as the core units of the
brain was just beginning to develop. The early characterization of neurons and glia came solely
from morphological studies (Fan and Agid, 2018). Based on these studies, in 1856, Rudolf
Virchow coined the term “Nervenkitt” or “neuroglia” and referred to glia as being the connective
tissue that held neuronal elements together (Fan and Agid, 2018). The idea of glia being the
“glue” that held the brain together persisted, and the lack of tools to examine the physiology of
glial cells further stagnated their study. In contrast, the physiological study of neurons began to
advance rapidly, and in 1868, Julius Bernstein recorded the first resting and action potentials
from a neuron (Fan and Agid, 2018). However, based simply on the morphology of glial cells,
Ramon y Cajal and others hypothesized roles for glia in synaptic transmission, sleep, learning
and memory, attention, and cognition ((Fan and Agid, 2018).

Since then, our understanding of Parkinson’s disease, neurons, and glia have grown
exponentially. We now appreciate the many genetic factors, neuropathological features, and
neurochemical process that are involved in Parkinson’s disease. This growth in knowledge has
advanced our therapeutic interventions, but despite these advancements, we still lack a “cure” for
Parkinson’s. In addition, much like our physiological understanding of glia trailed behind
neurons, our understanding of glia in Parkinson’s disease has trailed behind neurons as well.
However, post-mortem morphological studies have shown that both neurons and glia are
impacted in Parkinson’s disease. Thus, this raises an important yet unanswered question: what is

the role of glia in Parkinson’s disease? Just as our understanding of the neuronal basis of



Parkinson’s disease advanced our therapies, understanding how glial cells and other impacted
cell types are affected in Parkinson’s disease will be crucial for developing new interventions.

In my thesis, [ use C. elegans models of Parkinson’s disease to address the question of
glial and non-neuronal roles in the degeneration of dopamine neurons and the clearance of
neuronal corpses. In Chapter 1, I provide a brief introduction on the etiology and
pathophysiology of Parkinson’s disease. I next review the existing literature for the roles of glial,
muscle, and epithelial cells in the nervous system. Finally, I provide background on genetic and
toxin models of Parkinson’s disease and the role of cell death and phagocytosis in C. elegans. In
Chapters 2 and 3, I describe my thesis findings on how glia, muscle, and epithelial cells
independently regulate dopamine neurodegeneration in C. elegans models of Parkinson’s

disease. Finally, in Chapter 4, I will discuss the importance and future directions of my findings.

1 PARKINSON’S DISEASE

Parkinson’s disease (PD) is the second most common and fasting growing
neurodegenerative disorder worldwide (Dorsey et al., 2018). The characteristic motor symptoms
of PD — rigidity, tremor, loss of balance — are primarily caused by a loss of dopaminergic neurons
in the substantia nigra pars compacta (Day and Mullin, 2021). Another characteristic of PD is the
accumulation of Lewy bodies — abnormal aggregations of proteins composed mostly of a-
synuclein — in both neurons and glial cells (Calabresi et al., 2023). However, degeneration is also
seen in other brain regions and is not limited to dopaminergic neurons (Braak et al., 2003; Day
and Mullin, 2021). This widespread degeneration is thought to drive the cognitive symptoms

prevalent in PD such as anxiety, depression, lack of sleep, and loss of smell (Day and Mullin,



2021; Fullard et al., 2017). There is currently no cure for PD, and there are no available therapies
to replace dopaminergic neurons that have degenerated. The current “gold standard” treatment
for PD is supplementation with L-DOPA, a precursor for dopamine, to compensate for the
reduced dopamine signaling; however, this treatment mostly targets the motor symptoms and can

result in unpleasant side effects (Day and Mullin, 2021).

1.1 Pathogenesis of Parkinson’s disease

The etiology of PD is thought to be complex and due to a combination of genetic and
environmental risk factors with age being the largest risk factor (Day and Mullin, 2021). Less
than 10% of PD patients have a familial history of the disease, while the rest of the cases are
sporadic (Day and Mullin, 2021). Out of those familial cases, around 35% are due to a single
gene mutation (Day and Mullin, 2021). In addition to the monogenic cases, there are also cases
of toxin-induced PD such as the accidental ingestion of MPTP (Blum et al., 2001). Interestingly,
there is substantial overlap in the clinical features present between familial and sporadic PD
suggesting common mechanisms that drive the disease (Kouli et al., 2018). Indeed, two
similarities between the sporadic and familial cases are the aggregation and spread of a-
synuclein and the eventual degeneration of dopamine neurons in the substantia nigra. Thus, o-
synuclein aggregation is thought to be central to the progression of the disease and causal to the
degeneration of dopamine neurons. However, other mechanisms are thought to be involved. For
example, apart from mutations in a-synuclein, the other monogenic forms of PD include
mutations in Pink1, Parkin, DJ-1, and LRRK-2 to name a few (Calabresi et al., 2023; Day and
Mullin, 2021; Rui et al., 2018). These genes impact several cellular processes such as

mitochondrial health, oxidative stress responses, proteostasis, endolysosomal processing,
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autophagy, and synaptic signaling (Kouli et al., 2018). Based on these studies, mitochondrial
dysfunction and protein degradation dysfunction appear to be key for the pathogenesis of
Parkinson’s disease (Kouli et al., 2018). In addition, dopaminergic neurons in the substantia
nigra appear to be particularly susceptible to mitochondrial and oxidative stressors (Haddad and
Nakamura, 2015). How and why these dysfunctions drive the degeneration of dopamine neurons
in the substantia nigra remains unclear. In addition, whether the degeneration is due to intrinsic
features of these dopaminergic cells or due to extrinsic factors such as dysfunctions in
neighboring cells is debated (Poewe et al., 2017). In fact, several PD-associated genes are also
expressed in non-neuronal cells such as glia, epithelial cells, and muscle cells suggesting non-
neural tissues may also be impacted in PD (Clairembault et al., 2015; Derkinderen, 2017,
Gibbons et al., 2024; Tamo et al., 2007). Indeed, patients with PD also report increased sweating,
constipation, muscle stiffness, muscle pain, and urinary issues (Dickson et al., 2009; Kouli et al.,
2018). However, whether glial, epithelial, and muscle cells impact PD progression remains
unclear. Thus, to better treat PD, we need to understand the cellular and molecular basis for the

loss of dopamine neurons and how PD impacts or may be driven by non-neural tissues.

2 GLIAL CELLS IN NERVOUS SYSTEM HEALTH AND DISEASE

The nervous system comprises two major cell types, neurons and glia, whose close
interactions are critical for neural development and functions (Allen and Eroglu, 2017; Khakh
and Sofroniew, 2015; Purice et al., 2024; Singhvi et al., 2024). Glial cells are known to regulate
various aspects of nervous system health such as ion homeostasis, synaptic transmission, trophic

support, nutrient support, immune support, and structural support (Allen and Eroglu, 2017;
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Khakh and Sofroniew, 2015; Purice et al., 2024; Singhvi et al., 2024). However, the molecular
mechanisms underlying these roles have only recently been uncovered, and even less is known

about glial roles in disease contexts.

2.1 Glial phagocytosis regulates nervous system health and development

One way that glial cells modulate the nervous system is through a process known as glial
engulfment where glial cells phagocytose neurons and their processes (Raiders et al., 2021b). In
the central nervous system (CNS), glia such as ectoderm-lineage derived astrocyte glia and
mesoderm-lineage derived microglia can act as phagocytes (Allen and Eroglu, 2017; Reemst et
al., 2016). During development, both astrocytes and microglia engulf pre- and post-synaptic
elements of living neurons as well as excess apoptotic neurons generated during neurogenesis to
modify neuronal circuits (Chung et al., 2024; Reemst et al., 2016). Astrocytes use engulfment
receptors such as Draper/JED-1/MEGF10 and MERTK, while microglia use AXL, MERTK,
TREM2, and the complement receptor CR3 to engulf neurons (Chung et al., 2013; Iram et al.,
2016; Rueda-Carrasco et al., 2023; Tremblay et al., 2019a).

In addition to refining neuronal circuits, glia engulf neurons after injury to remove
cellular debris. In Drosophila, astrocyte-like glia engulf axonal debris after nerve crush injuries
using Draper, a MEGF10 ortholog (Purice et al., 2017). Cultured microglia can engulf axonal
debris from laser-transected rat cortical axons (Neumann et al., 2009). In mice, astrocytes and
microglia coordinate their efforts to engulf laser-ablated neurons using the MERTK receptor
(Damisah et al., 2020). In this case, microglia migrate towards the apoptotic neurons and engulf
the cell bodies and proximal dendrites. In contrast, astrocytes send out processes to engulf the

distal debris (Damisah et al., 2020). In the absence of microglia, astrocytes could engulf the
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apoptotic somas (Damisah et al., 2020). In summary, multiple glial cells use conserved
phagocytic receptors to engulf both living and damaged or apoptotic neurons to regulate nervous

system health and development.

2.2 Parkinson’s disease and glial phagocytosis

The causal relationship between glial phagocytosis and PD remains unclear. Although
microglia are known as the resident immune cells of the CNS, both astrocytes and microglia are
inflammatory cells that regulate both innate and reactive immune responses in the CNS
(Tremblay et al., 2019a). Both astrocytes and microglia can take on “reactive” states in response
to neuronal stress or damage (Tremblay et al., 2019a). These “reactive” responses can alter the
shape and function of both astrocytes and microglia to increase their phagocytic capacity
(Tremblay et al., 2019a). Post-mortem brain analyses of PD patients identified “activated”
microglia with phagocyte morphologies near the remaining dopamine neurons in the substantia
nigra (Joers et al., 2017; Jyothi et al., 2015). Microglia also show reactive phenotypes in animal
models of PD that use toxins such as 6-OHDA or MPTP (Barcia et al., 2013; Tremblay et al.,
2019a). In mice, dopaminergic debris was found in microglia following MPTP treatment
(Depboylu et al., 2012). In rats, dopaminergic debris was found in astrocytes following 6-OHDA
treatment (Morales et al., 2017). The receptors used to engulf this debris remain unknown.

Recent studies have also shown that microglia and astrocytes can engulf a-synuclein,
suggesting a protective role for glia in the clearance of a-synuclein (Gomez-Benito et al., 2020;
Tremblay et al., 2019). However, extracellular aggregated a-synuclein can also inhibit
phagocytosis in microglia (Tremblay et al., 2019). In addition, intracellular deposits of a-

synuclein in astrocytes can disrupt lysosome function, mitochondrial homeostasis, and may be
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transferred to other glia or neurons (Tremblay et al., 2019). Thus, engulfment of a-synuclein may
prove detrimental to glial and neuronal health.

In addition, gain-of-function and loss-of-function mutations in other PD-associated genes
can either enhance or inhibit microglial phagocytosis (Cabello et al., 2014; Tremblay et al., 2019;
Xiong et al., 2017). Whether these effects on glial phagocytosis impact dopamine neuron health
remain unclear. It has been proposed that glial phagocytosis can kill neurons in a process known
as phagoptosis. Indeed, several in vitro studies found that exposing microglia to inflammatory
molecules like lipopolysaccharide or amyloid-beta can drive phagocytosis of stressed but living
neurons (Bodea et al., 2014; Brown and Neher, 2014). This phagoptosis was prevented by
blocking phosphatidylserine exposure in neurons or by removing microglia altogether (Brown
and Neher, 2014). Some evidence suggests glial phagocytosis as a mechanism that drives
neurodegeneration in PD. In a PD mouse model that overexpressed a-synuclein in motor neurons
in the spinal cord, knockdown of both MERTK and AXL increased the lifespan of the animal
suggesting that these engulfment receptors were promoting the death of neurons (Fourgeaud et
al., 2016). In several toxin models of PD, disrupting microglial phagocytosis prevented the loss

and death of neurons (Tremblay et al., 2019a).

23 Glial regulation of synaptic transmission

Another major glial role is the regulation of synaptic transmission. Synaptic transmission
is the process by which neurons release signaling molecules known as neurotransmitters to evoke
a response in other neurons (Allen and Eroglu, 2017). Synaptic transmission occurs at structures
known as chemical synapses where a pre-synaptic neuron releases neurotransmitters onto a

receiving post-synaptic neuron (Allen and Eroglu, 2017). Astrocytes can send projections into
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these synapses to form structures known as tripartite synapses (Chung et al., 2024). At tripartite
synapses, astrocytes use transporters to help remove released neurotransmitters and regulate
neurotransmitter diffusion to modify synaptic transmission (Chung et al., 2024). Astrocytes can
express transporters for several neurotransmitters including dopamine and glutamate (Pajarillo et
al., 2019; Zhao et al., 2023). Astrocytes can also release signaling molecules of their own into
synapses to alter synaptic activity (Chung et al., 2024; de Ceglia et al., 2023). Microglia can also
alter synaptic transmission by releasing cytokines and neurotrophic factors that alter synaptic

receptors in neurons and glutamate release from astrocytes (Tremblay et al., 2019a).

24 Synaptic dysfunction in Parkinson’s disease

Synaptic dysfunction and axonal degeneration are hypothesized to precede the
degeneration of dopamine neurons in Parkinson’s disease. Functional imagining and postmortem
studies demonstrate a loss of dopamine transporter (DAT-1) and tyrosine hydroxylase (TH) in
dopamine axon terminals that precedes and is greater than DAT-1 and TH loss in dopaminergic
neuron cell bodies (Kordower et al., 2013). However, one postmortem study found an increase in
the expression of the 2" isoform of TH in surviving dopamine neurons (Shehadeh et al., 2019).
Whether these changes to DAT-1 and TH cause dopaminergic degeneration or are effects of
disease progression remain unclear. TH synthesizes L-DOPA which is the precursor to dopamine
(Tabrez et al., 2012). While some studies have shown that L-DOPA treatment can be
neuroprotective, others have shown that increased TH expression can drive dopamine neuron
degeneration (Tabrez et al., 2012). In addition, dopamine itself can oxidize into reactive

oxidative species, and dysregulation of dopamine storage and metabolism can drive oxidative
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stress in dopamine neurons (Zhou et al., 2023). Thus, whether increased TH activity drives
neurodegeneration in PD remains contentious.

Glutamatergic synapses in the striatum are also altered in PD (Gcwensa et al., 2021;
Wang et al., 2020). Postmortem studies show a robust reduction in dendritic spine density onto
GABAergic spiny projection neurons in the striatum (Villalba and Smith, 2018). Since these
synapses are primarily glutamatergic these results suggest a reduction in glutamatergic synapses.
In addition, loss of dopamine signaling can reduce glutamatergic synapses in the striatum
(Gewensa et al., 2021). However, functional imagining studies also found slight alterations in
glutamate content that suggest increase glutamate signaling (Groger et al., 2014; O’Gorman
Tuura et al., 2018; Weingarten et al., 2015). Indeed, subsequent animal studies have also shown
a reduction in glutamate transporter (GLT-1) expression and an increase in extracellular
glutamate in both acute and genetic PD models (Iovino et al., 2020; Pajarillo et al., 2019; Wang
et al., 2020). In addition, murine and invertebrate studies have shown that dysregulated and
increased glutamate signaling onto dopamine neurons can drive dopamine neurodegeneration
(Iovino et al., 2020). Finally, astrocytic downregulation of GLT-1 in the substantia nigra in mice
induced progressive motor deficits and dopamine neuron loss (Beccano-Kelly et al., 2014).
Thus, glutamate-induced excitotoxicity of dopamine neurons is hypothesized as a potential

mechanism that drives dopaminergic degeneration in PD.
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3 EPITHELIAL AND MUSCLE CELLS IN NERVOUS SYSTEM HEALTH AND

DISEASE

Both neurons and glia in the nervous system interact with several epithelial and muscle
tissues to regulate nervous system function and health (Alberts et al., 2002; Yu et al., 2020). In
the CNS, these interactions occur primarily between glial cells and muscle cells. In the PNS,
both peripheral nerves and glia are embedded in epithelial and muscle tissue. However, the
cellular and molecular interactions between these many cell types are only recently being

studied, and very little is known about their interactions in disease.

3.1 Epithelial roles in the nervous system

Currently, there are only two known epithelial cells in the CNS: ependymal cells that line
the ventricles and central canal of the spinal cord, and Choroid Plexus Epithelial cells.
Ependymal cells are specialized neuroepithelial cells that help produce and circulate cerebral
spinal fluid (Bitanihirwe et al., 2022). Choroid plexus epithelial cells are also specialized
epithelial cells that resemble glia and help maintain a barrier between CSF and the blood
(Bitanihirwe et al., 2022). Although previously understudied, both of these cell types are now
being appreciated for their potential roles in maintaining nervous system health (Bitanihirwe et
al., 2022).

In the PNS, sensory epithelia such as olfactory epithelia, auditory epithelia, and retinal
epithelia interact with neurons and glia to ensure proper neuronal function (Alberts et al., 2002;
Bigdai and Samoilov, 2022). For example, in the retina, retinal pigment epithelial cells

phagocytose photoreceptor outer segments, provide oxidative protection, and help maintain the
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retinal blood brain barrier (Yang et al., 2021). The intestinal epithelium in the gastrointestinal
(GI) tract also interacts closely with the enteric nervous system (Gulbransen and Sharkey, 2012;
Walsh and Zemper, 2019). The bidirectional communication between enteric neurons, enteric
glial cells, and enteric epithelial cells is important for maintaining epithelial barrier function and
for connecting the enteric nervous system with the central nervous system (Dowling et al., 2022).
Finally, skin-neuron-glia interactions in the PNS are also important for wound healing and pain

sensation (Abdo et al., 2019; Parfejevs et al., 2018).

3.2 Muscle roles in the nervous system

In the CNS, both astrocytes and microglia interact with mast cells such as smooth muscle
cells and pericytes in the vasculature that supplies blood to the brain to form the neurovascular
unit/complex (Yu et al., 2020). Astrocytes extend specialized projections called end-feet that
wrap around the vasculature in the brain to regulate the blood brain barrier, cerebral blood flow,
nutrient uptake, and waste clearance (Abbott, 2002; Langen et al., 2019). Microglia also localize
to capillaries in the brain and help to regulate vasculature tone (Bisht et al., 2021).

In the PNS, neuromuscular junctions (NMJs) are tripartite chemical synapses between
motor neurons, muscle fibers, and peripheral glial cells known as perisynaptic Schwann cells or
terminal Schwann cells (Alvarez-Suarez et al., 2020). Like astrocytes, perisynaptic Schwann
cells regulate synaptic transmission, synapse formation and elimination, and debris clearance at
NMJs (Alvarez-Suarez et al., 2020). Thus, both the central and peripheral nervous system

interact with several muscle and epithelial cells to regulate nervous system health and function.
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33 Epithelia and muscle in Parkinson’s disease

Both epithelial and muscle cells in the CNS and PNS express PD-linked genes, are
impacted early in disease, and have dopamine-driven functions. For example, in the retina, o-
synuclein aggregations were found in the retinal pigment epithelium in post-mortem samples of
PD patients (Veys et al., 2019). In addition, the progression of a-synuclein aggregation in the
retina may be related to the level of aggregation in the brain (Veys et al., 2019). In fact, a recent
study also suggests that the retina may be an initial site of a-synuclein aggregation that then
spreads to the brain (Pérez-Acuiia et al., 2023). The aggregation of a-synuclein in the retina is
also thought to drive the vision impairments seen in many PD patients since L-DOPA treatment
can temporarily alleviate their symptoms (Veys et al., 2019). Indeed, a recent study demonstrated
that a-synuclein overexpression in adult mice caused dopaminergic amacrine cell death and
vision impairments (Marrocco et al., 2020).

Olfactory dysfunction can also predate clinical diagnosis in PD patients, and the olfactory
bulb is an early site of Lewy body pathology (Braak et al., 2003; Fullard et al., 2017; Martin-
Lopez et al., 2023). Further, dopamine acts on olfactory sensory epithelia to regulate olfactory
neuron maturation (Bigdai and Samoilov, 2022). Similarly, enteric nervous system neurons
express dopamine, and GI motility and intestinal epithelial barrier functions are altered early in
PD (Chalazonitis et al., 2022; Clairembault et al., 2015). Post-mortem samples also show
aggregates of a-synuclein in several tissues in the GI tract, and these aggregates can both disrupt
intestinal epithelial functions and spread from these tissues into the brain through the vagus
nerve (Montanari et al., 2023).

Vascular endothelia also express some PD-genes, and meningeal dysfunction is thought

to aggravate a-synuclein pathology (Ding et al., 2021; Tamo et al., 2007, 2002; Zou et al., 2019).
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In addition, recent studies have identified a-synuclein deposits in the skin and suggest that skin
biopsies may be a potential early diagnostic for identifying Parkinson’s disease before the motor
symptoms occur (Gibbons et al., 2024; Niemann et al., 2021). Finally, skeletal muscle
impairment is reported in PD, and exercise-induced myokines can impede neurodegeneration

(Kam et al., 2022; Murphy and Lynch, 2023).

4 MODELS TO STUDY PARKINSON’S DISEASE

There are several genetic and toxin-based animal models that have been established to
study dopamine neurodegeneration in PD (Gémez-Benito et al., 2020; Schober, 2004; Xiong et
al., 2017). Here I focus on two that are relevant to my thesis project: the 6-hydroxydopamine

toxin model and the a-synuclein genetic model.

4.1 6-hydroxydopamine model of Parkinson’s Disease

A well-established toxin model for PD is 6-hydroxydopamine (6-OHDA), a neurotoxic
compound derived from dopamine which acts by inducing intracellular oxidative stress (Schober,
2004). 6-OHDA has been shown to interact with norepinephrine and dopamine and also
accumulates selectively in both noradrenergic and noradrenergic neurons (Schober, 2004). 6-
OHDA is structurally similar to both dopamine and norepinephrine, and it exhibits high affinity
to the reuptake transporters of these neurotransmitters (Blum et al., 2001). Once it enters
dopaminergic neurons through these transporters, 6-OHDA oxidizes to form reactive oxygen
species (ROS) and inhibits complex I and IV of the mitochondrial electron transport chain

(Schober, 2004). The production of ROS and the depletion of energy production is thought to
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drive 6-OHDA-induced neurodegeneration (Glinka et al., 1997). Although 6-OHDA models of
PD do well to recapitulate the degeneration of nigral dopamine neurons, they fail to demonstrate
a-synuclein aggregation, another key characteristic of PD. Nonetheless, the cellular specificity of

6-OHDA makes it an important tool to examine dopamine neurodegeneration.

4.2 a-synuclein models of Parkinson’s Disease

Given that in both sporadic and familial cases of PD exhibit a-synuclein aggregation,
many studies have investigated its role in pathogenesis. To do so, several genetic models of a-
synuclein overexpression and a-synuclein mutants have been studied (Calabresi et al., 2023;
Gomez-Benito et al., 2020). A-synuclein is a small 14kDa protein expressed in neurons and glia
(Goémez-Benito et al., 2020). Although its functions in normal physiological conditions are still
not well understood, it is currently thought to regulate synaptic transmission, particularly
dopamine neurotransmission, and aid in DNA repair (Calabresi et al., 2023). Under normal
conditions, a-synuclein exists in an equilibrium between its monomeric form and as a tetramer
(Lashuel et al., 2013). The disruption of this equilibrium and an increase in its monomeric form
is thought to facilitate its aggregation into oligomers, protofibrils, and insoluble fibers that are
found in Lewy bodies (Gémez-Benito et al., 2020). The oligomers and protofibrils are thought to
be the main drivers of neurodegeneration (Delenclos et al., 2019; Goémez-Benito et al., 2020;
Lashuel et al., 2013). Overexpression of a-synuclein and its variants in animal models
recapitulates dopamine neuron degeneration and proteinaceous inclusions seen in PD (Gomez-
Benito et al., 2020). Thus, a-synuclein overexpression models are an invaluable tool to study

dopamine neurodegeneration in PD.
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4.3 C. elegans as a model organism to study dopamine neuron degeneration

The C. elegans nervous system is comprised of 302 neurons and 56 glia (White et al.,
1986). In addition, the animal is optically transparent, has an invariant life cycle, a fully mapped
connectome, and a robust molecular and genetic toolkit allowing for in vivo cellular and
molecular studies. The C. elegans hermaphrodite has eight dopamine neurons distributed
amongst three mechanosensory sense-organs — 4 cephalic neurons (CEP), 2 anterior deirid
neurons (ADE), and 2 posterior deirid neurons (PDE) (Nass et al., 2002; Sulston et al., 1975).
These eight neurons mediate several locomotory behaviors including food-seeking and
swimming behaviors (Sulston et al., 1975). In my studies, I focused on the four CEP neurons
which are the bilateral CEP ventral and CEP dorsal pairs. Anatomically, CEP neurons are
components of the cephalic sense organ along with the cephalic sheath glia (CEPsh) and
cephalic socket glia (CEPso) (White et al., 1986). CEP neurons send dendritic projections
anteriorly towards the nose tip of the animal. Here, the ciliated endings of the CEP neurons
traverse through a channel formed by CEPsh glia and CEPso glia before embedding into the
cuticle. CEP neuron axons terminate in the nerve ring, the neuropil of the animal, where they
form synapses with several interneurons and chemosensory neurons. CEP axons are ensheathed
by the CEPsh glial posterior sheath-like structure in the nerve ring (Chapter 2 Fig. 1 B). CEPsh
glia exhibit astrocyte-like molecular signatures, regulate axon guidance in the embryo, and
maintain dopamine and glutamate neurotransmitter balance in post-embryo adults (Gibson et al.,
2018; Katz et al., 2018; McDonald et al., 2007; Purice et al., 2023; Yoshimura et al., 2008). In
addition to contacting CEPsh and CEPso glia, CEPD somas contact mesoderm-lineage derived
GLR glia and body wall muscle cells, while CEPV somas contact epithelia, and body wall

muscle cells (Chapter 2 Fig. 1, A-A”’, and B).
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4.4 C. elegans and 6-OHDA model

After exposure to 6-OHDA, the 4 CEP neurons and 2 ADE neurons display blebbed
processes, rounded cell bodies, and are eventually completely lost (Nass et al., 2002). As in other
organisms, mutations in the dopamine transporter (DAT-1) inhibit 6-OHDA degeneration
suggesting that 6-OHDA is taken up by DAT-1 into dopamine neurons (Nass et al., 2002).
Chromatin condensation, a feature of apoptotic cell death, is evident; however, mutations in the
classical apoptosis pathway do not prevent dopaminergic neurodegeneration (Nass et al., 2002).
Surprisingly, features of necrotic cell death such as membranous whorls, swollen organelles or
cell bodies are absent as well (Nass et al., 2002).

Using the 6-OHDA model in C. elegans, several studies have identified genes that confer
protection and sensitivity to dopamine neurodegeneration (Masoudi et al., 2014; Offenburger et
al., 2018a, 2018b; Schober, 2004). Like in other 6-OHDA models, the role of TH in dopamine
degeneration in C. elegans is complex. On one hand, overexpression of the L-DOPA synthesis
enzyme CAT-2/TH protects CEP neurons against 6-OHDA toxicity in C. elegans (Masoudi et
al., 2014). However, in the absence of 6-OHDA exposure, overexpression of CAT-2/TH was
shown to induce age-dependent dopaminergic cell death (Cao et al., 2005; Masoudi et al., 2014).
Recently, a study found that loss of function mutations in phagocytic genes (ced-2, ced-6, ced-
10) confers protection against 6-OHDA degeneration, suggesting a role for phagocytosis in the
degeneration of dopamine neurons (Offenburger et al., 2018a). In addition, a single EM
micrograph study indicated that degenerating CEP neurons could be eliminated and cleared after
6-OHDA treatment, possibly by GLR glial cells (Nass et al., 2002). However, the phagocytic

receptor used to clear CEP neurons remains unknown.
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4.5 C. elegans and a-synuclein model

Although C. elegans do not express orthologs to a-synuclein, overexpression of human a-
synuclein has been an invaluable tool to examine a-synuclein aggregation and pathology (Gaeta
et al., 2019; Gomez-Benito et al., 2020). Multi-copy expression of human a-synuclein in
dopamine neurons in C. elegans has shown to induce progressive CEP neurodegeneration that
worsens with age (Cao et al., 2005; Vozdek et al., 2022). Using this model, studies have
identified several chemicals and genes that confer neuroprotection against a-synuclein toxicity
and aggregation (Gaeta et al., 2019). These studies identified several molecules involved in
autophagy, lysosomal function, trafficking, and G-protein signaling (Gaeta et al., 2019). Single-
copy expression of a-synuclein has been used as well, but these transgenic animals do not show
the same degree of degeneration as the multi-copy worms (Cooper et al., 2018). However,
singly-copy expression in conjunction with loss-of-function mutations in PD familial genes
worsened the degeneration of the CEP neurons (Cooper et al., 2018). In summary, human o-
synuclein expression in C. elegans is a valuable tool to understand factors that regulate both

neurodegeneration and aggregation.

5 CELL DEATH AND PHAGOCYTOSIS IN C. ELEGANS

There are several genetically programmed types of cell death (Yarychkivska et al., 2024).
In addition, several mechanisms exist to remove cell corpses after programmed cell death (Wang
and Yang, 2016). Much of our knowledge surrounding programmed cell death and phagocytosis

emerged from studies in C. elegans (Hengartner and Robert Horvitz, 1994). Amazingly, these
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mechanisms appear to be highly conserved across species (Yarychkivska et al., 2024). Here 1
review the molecular mechanisms underlying programmed cell death and phagocytosis in C.

elegans.

5.1 Apoptotic cell death in C. elegans

Apoptosis and necrosis are two morphologically distinct types of cell death in C. elegans.
Apoptosis is a genetically programmed type of cell death and characterized by cytoplasm
compaction, cell shrinkage and rounding-up, nuclear fragmentation, chromatin condensation and
plasma membrane blebbing (Yarychkivska et al., 2024). Apoptosis is mediated by a conserved
caspase-dependent pathway, first described in C. elegans (Hengartner and Robert Horvitz, 1994).
In the canonical apoptosis pathway, the Apaf-1 homolog CED-4 activates CED-3/caspase into
an active protease (Yarychkivska et al., 2024). The pro-apoptotic function of CED-4/Apafl is
inhibited by CED-9, a homolog of the mammalian BCL-2 (Yarychkivska et al., 2024). EGL-
1/BH3-only promotes CED-3/caspase activation by interacting with CED-9/BCL-2 and
inhibiting the anti-apoptotic CED-9/CED-4 complex formation (Yarychkivska et al., 2024). In C.
elegans, apoptosis occurs in both somatic and germline cells during development (Yarychkivska

et al., 2024).

5.2 Necrotic cell death in C. elegans

Necrosis was initially thought to be an alternative to apoptosis and was not regarded as
genetically programmed. However, research suggests that necrosis is also tightly regulated by a
conserved set of mechanisms (Nikoletopoulou and Tavernarakis, 2014). These mechanisms are

mostly distinct from apoptosis, since necrotic-like deaths are not affected by mutations in
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apoptotic genes (Reddien and Horvitz, 2004). In addition, necrotic cell death is morphologically
distinct from apoptosis and is characterized by osmotic swelling of organelles, increased cell
volume, and rupture of the plasma membrane (Nikoletopoulou and Tavernarakis, 2014). There
are a few necrotic-like cell deaths during C. elegans development, but most necrotic cell deaths
studied were evoked by environmental insults such as heat stress, hypoxia or hypo-osmotic
shock, or by genetically encoded insults such as gain-of-function ion channels (Nikoletopoulou
and Tavernarakis, 2014). Interestingly, the morphological and mechanistic features between
necrotic cell death induced from gain-of-function ion channels in C. elegans and glutamatergic
excitotoxic cell death in mammalian neurons appear to be conserved (Nikoletopoulou and
Tavernarakis, 2014). In both cases, Ca2+ dysregulation is a key feature (Nikoletopoulou and
Tavernarakis, 2014). In C. elegans, cytosolic Ca2+ levels may increase by influx through
voltage-gated channels or by release from intracellular stores in the endoplasmic reticulum
(Nikoletopoulou and Tavernarakis, 2014). Excessive cytoplasmic Ca2+ causes activation of
Ca2+-dependent calpain proteases and lysosomal rupture, which in turn lead to the release of
lysosomal cathepsin proteases, and the acidification of the cytoplasm (Danese et al., 2021;
Zhivotovsky and Orrenius, 2011). Finally, both necrotic and apoptotic cells are engulfed and

cleared by phagocytic cells (Nikoletopoulou and Tavernarakis, 2014; Yarychkivska et al., 2024).

53 Phagocytic clearance in C. elegans

The molecular mechanisms detailing cell corpse removal were first identified in C.
elegans (Reddien and Horvitz, 2004). These mechanisms appear to be conserved across species
(Ghose and Wehman, 2021). In C. elegans, phagocytic clearance of dead cells is important for

tissue remodeling and the regulation of immune responses (Reddien and Horvitz, 2004). In
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contrast to mammals, there are no specialized phagocytes in C. elegans (Ghose and Wehman,
2021). Instead, epithelial, muscle, intestinal, and pharyngeal cells take on phagocytic roles and
engulf their dying neighboring cells (Reddien and Horvitz, 2004). Mechanistically, the process
of engulfment begins with the presentation of the conserved “eat-me” signal, the phospholipid
phosphatidylserine (PS), on the extracellular surface of apoptotic and necrotic cells (Nagata et
al., 2016). Two partially redundant pathways in engulfing cells mediate the recognition of
exposed PS (Conradt et al., 2016). In one pathway, the PS receptor PSR-1/JMJD6 or the integrin
receptor INA-1 can bind to PS and signal through CED-2/CRKII, CED-5/DOCK 180 and CED-
12/ELMO, which in turn activate the small GTPase CED-10/Rac1 (Hsu and Wu, 2010; Yang et
al., 2015). CED-10 activation leads to the reorganization of the actin cytoskeleton to form the
phagocytic cup (Conradt et al., 2016). The Frizzled homolog MOM-5 can also act as an
engulfment receptor and acts through the CED-2/5/12 pathway, but its ligand remains unknown
(Cabello et al., 2010). In the second pathway, the phagocytic receptor CED-1/Draper/MEGF10
recognizes PS with the help of the two secreted proteins TTR-52 and NRF-5, as well as the ABC
transporter CED-7/ABCA1 (Mapes et al., 2012; Zhang et al., 2012; Zhou et al., 2001). CED-
I/MEGF10 transduces this signal through CED-6/GULP to activate DYN-1 and CED-10 (Yu et
al., 2006; Zhou et al., 2001). In addition to the relay via TTR-52, CED-1 may also bind directly
to PS (Li et al., 2015). In summary, two partially overlapping pathways regulate the clearance of
apoptotic and necrotic cells in C. elegans.

In C. elegans, there are several mechanisms regulating extracellular phosphatidylserine
(PS) exposure in apoptotic cells. Typically, PS is actively and asymmetrically maintained on the
inner leaflet of the plasma membrane (Nagata et al., 2016). To act as an “eat-me” signal, PS

needs to be translocated from the inner leaflet to the outer leaflet of the plasma membrane of the
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dying cell (Eroglu and Derry, 2016). The aminophospholipid translocase TAT-1 actively
maintains PS on the inner leaflet of the plasma (Darland-Ransom et al., 2008; Zullig et al.,
2007). tat-1 knockdown was reported to lead to abnormal PS exposure and the subsequent
removal of living cells (Darland-Ransom et al., 2008). In addition, the phospholipid scramblase
SCRM-1 translocates PS from the inner to the outer leaflet of the plasma membrane after being
activated by the apoptosis-inducing factor (AIF) homologue WAH-1 (Wang et al., 2007). CED-
8/Xkr8 also mediates PS exposure during apoptosis after being activated by caspase cleavage
(Chen et al., 2013; Suzuki et al., 2013). In necrotic cells, Ca2+ influx activates the neuronal PS-
scramblase and TMEM16F homologue ANOH-1, which mediates cell surface exposure of PS
(Li et al., 2015). In addition, CED-7 also promotes PS exposure and removal of necrotic cells (Li
et al., 2015). Lastly, CED-8 has a role in the removal of necrotic cells and was proposed to act
redundantly with ANOH-1 (Li et al., 2015). Amazingly, these factors also appear to be
conversed across species. To summarize, CED-7, CED-8, ANOH-1, SCRM-1, and TAT-1 are

important for proper PS exposure in dying cells.
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ABSTRACT

Parkinson’s Disease (PD) is marked by progressive dopamine neuron degeneration, but the

phagocytic receptors and cells that clear dopamine neuron corpses are unknown. Further, while

other cell types like glia, skin, and muscle are also impacted in PD, their roles in disease

progression is unclear. We report that astrocyte-like CEPsh glia are neurotoxic in C. elegans PD

models by regulating the neuronal dopamine biosynthesis enzyme CAT-2/tyrosine hydroxylase.

We also identify epithelia and muscle as the phagocytes for dopamine neuron debris. They
engulf by recognizing phosphatidylserine on necrotic-like neuron corpses via the conserved
receptor CED-1/Draper/MEGF10and the ABC transporter CED-7/ABCA1. Loss of ced-1
protects from loss of dopamine neurons and the impairment of associated animal behaviors.
Thus, multiple non-neuronal cell-types independently dictate dopamine neurodegeneration.
Evolutionary conservation of all underlying molecules identified, and their effect across PD
models, implies that multi-organ engagement may impact neuron degeneration in Parkinson’s

disease broadly.

Key Words: Parkinson’s disease, glia, neurodegeneration, engulfment, C. elegans, CED-

1/MEGF10

30



INTRODUCTION

The nervous system comprises two major cell types, neurons and glia, whose close interactions
are critical for neural development and functions (Allen and Eroglu, 2017; Khakh and
Sofroniew, 2015; Purice et al., 2024; Singhvi et al., 2024). Glia of both the central and peripheral
nervous systems (CNS/PNS) as well as free nerve-endings of the PNS also interact with non-
neural cell types like muscle (e.g. endothelial vasculature in CNS; peripheral muscle at NMJ),
and epithelia (e.g. choroid plexus, ependymal cells in CNS; skin or sensory epithelia in PNS)
(Abbott, 2002; Derk et al., 2021; Gulbransen and Sharkey, 2012; Langen et al., 2019; Martin et
al., 2024). How neurons interact with glia or non-neural cell types in health or disease is only

recently starting to be explored at molecular and cellular resolution.

Parkinson’s disease (PD) is the second most common and fastest growing neurodegenerative
disorder worldwide (Dorsey et al., 2018; Poewe et al., 2017). Clinically, it is characterized by
motor deficits, degeneration of CNS striatal dopamine neurons, and accumulation of Lewy
bodies containing a-synuclein in neurons and glia (Damier et al., 1999; Dickson et al., 2009;
Fearnley and Lees, 1991). Mechanistic evidence suggests oxidative stress and mitochondrial
dysfunction drive dopamine neuron degeneration, associated in part with a growing list of PD-

linked gene lesions (Chang and Chen, 2020; Day and Mullin, 2021; Dias et al., 2013).

Non-neuronal cells like glia also express PD-associated genes, and are impacted in PD as
summarized below, but their contributions to PD progression is unclear (Zhang et al., 2022). In
the CNS, multiple glia types including astrocytes and microglia exhibit altered properties in PD

(Lee et al., 2021). Three major CNS glial functions may be at play. One, their regulation of
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neurotransmitter release and diffusion may be impacted since the balance of neurotransmitters
like dopamine and glutamate is altered in the striatum of rodent PD models (Barcomb and Ford,
2023; de Ceglia et al., 2023; Iovino et al., 2020; Zhao et al., 2023). Two, multiple glia can
phagocytose neuronal debris in health, injury, or neurodegenerative states like in Alzheimer’s
disease (AD) models (Coutinho-Budd et al., 2024; Hong et al., 2016; Liu et al., 2022; Reemst et
al., 2016; Rueda-Carrasco et al., 2023; Tremblay et al., 2019b; Zuchero and Barres, 2015).
Mechanistically, some do so via opsonic receptors like CR3 and MEGF10/Draper (Raiders et al.,
2021b). While recent studies suggest that astrocytes and microglia phagocytose dopamine
neurons in PD models, the extent of this function or its molecular drivers in PD remain unknown
(Morales et al., 2017; Vilalta and Brown, 2018). Three, studies have shown that glial responses
to injury and oxidative stress have both protective and harmful effects on neurons (Lee et al.,
2021). Whether any of these glial functions contribute to neurodegeneration or are a secondary

response to neuronal defects remains to be determined.

Other non-neural cells of the PNS, such as epithelia and muscle, also express PD genes, are
impacted early in disease, and have dopamine-driven functions. For example, olfactory
dysfunction can predate clinical diagnosis in PD patients, and the olfactory bulb is an early site
of Lewy body pathology (Braak et al., 2003; Fullard et al., 2017; Martin-Lopez et al., 2023).
Further, dopamine acts on olfactory sensory epithelia to regulate olfactory neuron maturation
(Bigdai and Samoilov, 2022). Similarly, enteric nervous system neurons express dopamine, and
GI motility and intestinal epithelial barrier functions are altered early in PD (Chalazonitis et al.,
2022; Clairembault et al., 2015). Vascular endothelia also express some PD-genes, and

meningeal dysfunction is thought to aggravate a-synuclein pathology (Ding et al., 2021; Tamo et
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al., 2007, 2002; Zou et al., 2019). Finally, skeletal muscle impairment is reported in PD, and
exercise-induced myokines can impede neurodegeneration (Kam et al., 2022; Murphy and

Lynch, 2023) However, if or how any of these cell-types impact disease etiology is unclear.

To systematically examine dopamine neurodegeneration with cell-type specificity and molecular
resolution, we leveraged C. elegans as an experimental model. The C. elegans hermaphrodite
(somatic female) has eight dopamine neurons distributed amongst three mechanosensory sense-
organs that mediate food-seeking and swimming behaviors (Sulston et al., 1975). Four of these
are the bilateral dorsal and ventral cephalic (CEP) neurons, CEPD and CEPV, respectively.
These neurons are the best studied in C. elegans PD models. Similar to other animal systems, C.
elegans PD models include neurotoxicity models using the canonical drugs 6-hydroxydopamine
(6-OHDA) or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and genetic models
bearing either mutations in PD-linked genes, or over-expressing PD genes such as human a-
synuclein (Blum et al., 2001; Gaeta et al., 2019; Goémez-Benito et al., 2020; Hernandez-Baltazar
et al., 2017; Nass et al., 2002; Schober, 2004). These models all exhibit degeneration of C.
elegans dopamine neurons, with the CEP neurons being the most susceptible (Masoudi et al.,
2014; Nass et al., 2002; Offenburger et al., 2018a, 2018b). EM studies indicate that degenerating
CEP neurons are likely eliminated and cleared, at least after 6-OHDA (Nass et al., 2002).
However, like in other species, the phagocytic cell and receptor for CEP remain to be identified

in this context.

Anatomically, CEP neurons are components of the cephalic sense organ along with the cephalic

sheath glia (CEPsh) and cephalic socket glia (CEPso) (White et al., 1986). CEPsh glia exhibit
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astrocyte-like molecular signatures, regulate axon guidance in the embryo, and maintain
dopamine and glutamate neurotransmitter balance in post-embryo adults (Gibson et al., 2018;
Katz et al., 2018; McDonald et al., 2007; Purice et al., 2023; Yoshimura et al., 2008). While
another astrocyte-like glia in C. elegans (AMsh glia) phagocytoses neuron fragments, this glial
function has not yet been examined for CEPsh glia (Raiders et al., 2021a). CEPD neurons
contact CEPsh glia, mesoderm-lineage derived GLR glia, and body wall muscle cells at their cell
somas (Fig. 1, A-A’, and B). CEPV neurons contact CEPsh glia, epithelia, and muscle cells at
their cell somas (Fig. 1, A, A”’, and B). CEP neuron axons and synapses terminate in the nerve
ring, which is the “brain” neuropil of the animal, where they are ensheathed by the CEPsh glial
posterior sheath-like structure (Fig. 1 B). The invariant and mapped cell-cell contacts in this
experimental system, along with the powerful molecular-genetic toolkit of this animal model
offers an unparalleled setting to definitively identify the molecular machinery and role of each

individual cell-type in CEP neurodegeneration.

We report here that dopamine neurodegeneration has a multi-organ etiology in C. elegans, with
different cell-types acting independently. Briefly, CEPsh glia are neurotoxic and drive CEP
neurodegeneration by modulating dopamine levels through the rate-limiting biosynthesis enzyme
CAT-2/tyrosine hydroxylase. Independently, adjacent muscle and epithelia phagocytose CEP
neuron corpses via the phagocytosis receptor CED-1/MEGF10/Draper. They subcellularly recruit
CED-1 around phosphatidylserine exposed by dying neuron corpses. Loss of ced-1 protects
animals against neurodegeneration and partially protects associated behavior defects.
Conservation of all molecular players identified implies that analogous multi-tissue

engagement may similarly cooperate to drive PD progression in other species.

34



RESULTS

CEPsh glia are neurotoxic in a 6-OHDA degeneration model

To monitor CEP neuron clearance quantitatively, we first evaluated two stable transgenic
fluorescent reporter strains that label the dopaminergic CEP neurons with either GFP or mCherry
(Bertrand and Hobert, 2009; Nass et al., 2002). We examined CEP clearance over 72 hours in
these reporter strains after SOmM 6-OHDA exposure in larval stage L1 or L3 animals (Fig. 1 C).
We found that CEP clearance occurs in two stages after 6-OHDA insult: normal CEP neurons
(non-rounded) first adopt a button-like apoptotic corpse morphology by DIC and fluorescence
imaging (rounded) before being cleared (missing) (Fig. 1, D and D’). In line with prior reports,
we noted CEP neuron clearance as early as 12 hours in L1-treated animals (Fig. S1, A and B)
(Masoudi et al., 2014; Nass et al., 2002; Offenburger et al., 2018a). Most CEP neurons were
cleared by 72 hours in both L1- and L3-treated animals (Fig. 1 E and Fig. S1 A and B). Similar
kinetics of both GFP and mCherry fluorophores indicated that CEP clearance was not biased by
reporter transgene variance (Fig. S1, A and B). Thus, all subsequent experiments were done
using S0mM 6-OHDA exposure to L3 animals in GFP-labeled animals and assayed at 24 or 72

hours, unless noted otherwise.

To examine if CEPsh glia impact CEP neurodegeneration, we first examined if CEPsh glia
themselves are impacted by 6-OHDA exposure. We exposed transgenic animals expressing GFP
under the CEPsh glia-specific 4lh-17 promoter to 6-OHDA (Yoshimura et al., 2008). 24h post-
exposure, CEPsh glia exhibited GFP aggregates in their posterior sheaths, and this was resolved
by 72 hours post-exposure when we observe maximal loss of CEP neurons (Fig. 1, F and G).

Thus, cellularly, CEPsh glia monitor and react to CEP neuron stress after neurotoxic insult.
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Next, we evaluated animals whose CEPsh glia were genetically ablated in post-embryo larva
(Chelur and Chalfie, 2007; Katz et al., 2018). We reasoned this would avoid pleiotropic effect on
CEP neurodevelopment, given CEPsh glia’s roles in the animal’s nerve ring (“brain” neuropil)
assembly (Rapti et al., 2017; Wadsworth et al., 1996; Yoshimura et al., 2008). Glia ablation
alone did not affect CEP neuron survival, implying it is dispensable for neuron trophic support
(Fig. 1, H and I) (Yoshimura et al., 2008). However, we noted ectopic GFP reporter expression
in two cells located ventrally which confounded conclusive identification of CEPV neurons (Fig.
1 H). So, we focused quantification on CEPD neurons. We found that their neurodegeneration
was strongly suppressed in CEPsh glia-ablated animals with CEPD neurons maintaining “non-
rounded” morphology after drug insult (Fig. 1 I). Thus, loss of CEPsh glia protects against CEP
neuron death post 6-OHDA insult, implying their presence is required for the full neurotoxic

effect of 6-OHDA.

To confirm this result in an orthogonal approach, we examined mutations in two genes that
regulate CEPsh glia development, mls-2 and vab-3. MLS-2 preferentially affects ventral CEPsh
development, while VAB-3 preferentially regulates dorsal CEPsh development (Chisholm and
Horvitz, 1995; Jiang et al., 2005; Yoshimura et al., 2008). Like the glia ablation strain, vab-
3(0t276) mutants showed ectopic Paa-1-GFP expression which precluded conclusive assessment
of CEPV neurons in this strain. Nonetheless, as expected, mls-2(ns329) mutation preferentially
protected CEPV neurons, while the vab-3(0t276) mutation protected CEPD neurons post 6-
OHDA (Fig. 1 J). Thus, both dorsal and ventral CEPsh glia are required for the full neurotoxic

effect of 6-OHDA on cognate CEP dopamine neurons.
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Finally, we asked if CEPsh were neurotoxic only for 6-OHDA insult or across PD models. Loss
of CEPsh glia also protected CEP neurons from degenerating against human a-synuclein over-
expression in Day 6 aged animals (Fig. 1 K). Thus, CEPsh glial neurotoxicity is a general feature

of CEP dopamine neuron degeneration.

The phagocytic receptor CED-1/MEGF10 regulates CEP neuron clearance

Core components of the apoptosis and the corpse engulfment pathways, discovered first in C.
elegans, are implicated also in 6-OHDA mediated degeneration of CEP neurons (Conradt et al.,
2016; Mapes et al., 2012; Oftenburger et al., 2018a, 2018b; Wang et al., 2010, 2003; Zhou et al.,
2001) (Fig. S1, C and D). However, neither the phagocytic receptor nor the phagocytic cell has
been determined. Multiple astrocyte-like glial cells also repurpose this phagocytosis machinery
to engulf neuron fragments across species, including C. elegans, and many of these cells act via
the conserved phagocytic receptor CED-1/MEGF10/Draper (Chung et al., 2013; MacDonald et
al., 2006; Zhou et al., 2001). Given that loss of CEPsh glia leads to neuron survival, we
hypothesized that CEPsh glia phagocytose dying neurons, likely via the conserved receptor

CED-1/MEGF10/Draper.

To test this, we examined two loss of function mutations in ced-1 (Fig. S1 E). Like CEPsh glia
ablation, both mutations exhibited dramatically reduced clearance of CEP neurons (Fig. 2 A).
Remarkably, besides persistent cell corpses, we also noted a greater fraction of “normal” non-
rounded CEP neurons suggesting a protection against degeneration. We also tested a loss of

function mutation in psr-1(tm469) since some studies proposed PSR-1/JmJD6 as a second PS
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receptor in apoptotic corpse phagocytosis (Raiders et al., 2021a; Wang et al., 2003; Yang et al.,
2015). While psr-1 mutants partially protected against degeneration, psr-1,ced-1 double mutants
did not enhance the clearance defects of ced-1 single mutants (Fig. 2 A). Lastly, loss of ced-1
also suppressed CEP degeneration in the C. elegans a-synuclein model (Fig. 2 B) (Vozdek et al.,
2022b). Together, these results identify CED-1/MEGF10 as the major phagocytic receptor to

facilitate both death and clearance of CEP neurons across PD models.

Epithelia and muscle, but not glia, phagocytose dying CEP neurons via CED-1

The similar phenotypes of CEPsh glia ablation and ced-1 mutants in both models were consistent
with CED-1 acting in glia. To test this, we first used RT-qPCR to examine ced-/ mRNA
transcript levels in CEPsh ablated animals. Loss of CEPsh glia showed a trend towards decreased
ced-1 expression, but it was not significant (Fig. S2 A). Next, we performed cell-specific rescue
studies. We expressed CED-1 under a pan-glial promoter (Pi-22¢) in animals mutant for ced-1/
and exposed these animals to 6-OHDA (Pierce et al., 2008; Purice et al., 2023). Surprisingly, this
failed to rescue the ced-1(1754) mutant phenotype (Fig. S2 B). The only glia not covered by this
promoter were the mesoderm lineage derived GLR glia, which had been proposed to engulf
dying CEP neurons based on a single EM observation (Nass et al., 2002). However, expression
of CED-1 under a GLR-specific promoter (P,ep-25) also did not rescue the clearance defect of ced-
1(1754) animals (Fig. S2 C) (Yamada et al., 2010). Thus, surprisingly, these data showed that

neither CEPsh glia nor GLR glia phagocytose dying CEP neurons via CED-1/MEGF10.

To identify the phagocytic cell, we re-examined the animal’s anatomy and noted that CEPV cell

somas contact CEPsh glia and epithelial cells, while CEPD cell somas are physically adjacent to
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CEPsh glial sheath processes, GLR dorsal glia, and dorsal body wall muscles (Fig. 1, A-A’")
(White et al., 1986). We found that expressing CED-1 under a muscle-specific promoter (Puyo-3)
rescued the clearance defects of CEPD but not CEPV neurons in ced-/ mutant animals (Fig. 2
C). In contrast, expressing CED-1 under an epithelial-specific promoter (Pg4p)-7) rescued the
clearance defects of CEPV neurons but not CEPD neurons in ced-/ mutants (Fig. 2 D) (Gilleard
et al., 1997). Further, over-expression of CED-1 in epithelia but not muscle increased
degeneration of both CEPD and CEPV neurons in WT animals (Fig. 2, C and D). Thus, CED-
I/MEGF10 is necessary and sufficient in muscle and epithelia to engulf nearby dying CEP

neurons, and epithelial CED-1 levels are rate-limiting for CEP neurodegeneration.

This result implied that these cell types endogenously express CED-1. To probe this, we
leveraged the split-GFP system (Goudeau et al., 2021). Briefly, we expressed two GFP
fragments under either a cell type-specific or the ced-1 promoter, reasoning that GFP
fluorescence will reconstitute only if both fragments express together in one cell. By this assay,
we observed GFP reconstitution in both epithelia and muscle when the respective cell type

promoter was used (Fig. S2, D and E). Thus, both epithelia and muscle express ced-1.

Finally, we performed cell-specific real-time imaging to conclusively visualize if muscle or
epithelia engulf dying CEP neurons. We examined wild type transgenic animals with their
muscle or epithelia labeled with a cytosolic mKate2 reporter and CEP neurons with a
transcriptional GFP reporter. First, as expected from EM, epithelia were physically adjacent to
CEPYV neurons, and body wall muscle was adjacent to CEPD neurons (Fig. 2, E-F). 24h after 6-

OHDA exposure, we found rounded CEPD neurons within the body wall muscle and rounded
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CEPYV neurons within the epithelia, as expected (Fig. 2, E-F). Thus, muscle and epithelia

phagocytose dying CEPD or CEPV neurons, respectively, through CED-1/MEGF10.

CED-1 recruitment, not expression, drives CEP degeneration

If CED-1 is the phagocytic receptor, it should localize to dying CEP soma. To probe this, we
generated a double-transgenic animal strain with GFP labeled CED-1 expressed under the ced-1
promoter and mCherry labeled CEP neurons We subjected these animals to our 6-OHDA
treatment paradigm (Bertrand and Hobert, 2009; Zou et al., 2009). 24h after 6-OHDA exposure,
we observed CED-1:GFP enrichment around rounded CEP somas (n=19/22) but not around non-
rounded CEP somas (n=1/24) (Fig. 3 A). Thus, CED-1 is recruited around degenerating CEP

neurons after 6-OHDA exposure.

This recruitment could be due to increased ced-1 transcript or protein levels, or subcellular re-
localization. We performed RT-qPCR in wild type N2 animals 24 hours after 6-OHDA exposure
when significant engulfment is seen and found no significant change in ced-1 transcript levels
(Fig. 3 B). This argued against transcriptional upregulation of ced-1 in response to 6-OHDA.
CED-1 protein levels can be regulated by ubiquitin-mediated degradation, so we examined CED-
1 protein levels (Yuan et al., 2022). However, western-blot analyses of CED-1:GFP transgenic
animals exposed to 6-OHDA revealed no significant change in CED-1:GFP protein levels at
either 24h or 40h post 6-OHDA exposure compared to non-exposed control animals (Fig. S2, F
and G). These results, taken together with our in vivo localization results, lead us to infer that
muscle and epithelial CED-1 is sub-cellularly recruited to the plasma membrane contacting

degenerating CEP neurons, rather than being regulated at transcript or protein levels.
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Necrotic-like PS exposure drives CEP degeneration

C. elegans CED-1 as well as its orthologs in Drosophila (Draper) and mammals (MEGF10) bind
the phospholipid phosphatidylserine (PS) exposed on the surface of apoptotic cells as an “eat-me
signal” (Iram et al., 2016; Li et al., 2015; MacDonald et al., 2006; Wang et al., 2010). To test if
this was also true for dying CEP neurons, we generated transgenic animals expressing the PS-
binding protein, secreted Annexin V (sAnxV),under the epithelial (Pgp,-7) promoter and
examined CEP neuron corpses 24h after 6-OHDA exposure. We found that sAnxV marked
rounded (dying) CEP neurons (n=8/28 CEPs with sAnxV enrichment) but not non-rounded
(living) ones (n=1/30 CEPs with sAnxV enrichment) (Fig. 3 C). Thus, dying CEP neurons

expose PS, which could sub-cellularly recruit CED-1 in phagocytic muscle/epithelia.

This result implied that other regulators of PS asymmetry should also impact CEP clearance.
First, we probed mutations in the ATP-binding flippase TAT-1/ATP8A which maintains PS
asymmetrically on the membrane inner leaflet (Darland-Ransom et al., 2008). Mutations in tat-1
cause aberrant PS exposure on the outer leaflet , but this alone was insufficient to trigger CEP
death or clearance (Fig. 3 D) (Chen et al., 2019; Darland-Ransom et al., 2008). However, tat-1
mutants exhibited enhanced CEP degeneration after 6-OHDA exposure indicating that PS
exposure in context of neurotoxic insult triggers clearance (Fig. 3 D). Next, CED-1 can bind PS
either directly, or via opsonins like C. elegans TTR-52/Transthyretin (Mapes et al., 2012; Wang
et al., 2010). Mutations in #r-52(tm2098) animals exhibited reduced CEP degeneration after 6-
OHDA treatment, albeit weaker than ced-1, revealing a minor role for TTR-52 in this process
(Fig. 3 E).Next, we noted that PS exposure is executed via overlapping but distinct mechanisms

in apoptosis and necrosis. Both pathways deploy the CED-7/ABCA1 transporter to aid PS-
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exposure (Furuta et al., 2021; Li et al., 2015; Mapes et al., 2012). In contrast, the scramblase
CED-8/Xkr8 is predominantly used by apoptotic cells to expose PS, while ANOH-
1/TMEM16/Chloride channel is primarily used by necrotic cells to expose PS (Furuta et al.,
2021). We found that ced-7(n2094) mutant animals exhibited reduced CEP degeneration and
persistent rounded CEP neurons like ced-1 mutants (Fig. 3 E). Unlike ced-1 however, the
persistent cells in ced-7 mutants were “swollen”, and resembled necrotic corpses (Fig. 3 F). Loss
of ced-8 had no effect on CEP degeneration, but loss of anoh-1 reduced the degeneration of CEP
neurons at 24h after 6-OHDA exposure, although this did not persist to 72 hours (Fig. 3 G).
Taken together, we favor the conclusion that CEP degeneration occurs by a necrotic-like
pathway, where PS-exposure via TAT-1/ATP8A, ANOH-1/TMEMI16A, CED-7/ABCAland

TTR-52/Transthyretin drives engulfment by the rate-limiting CED-1/MEGF10.

Impact of CED-1 loss on dopamine neuron functions and downstream neural circuits

The “normal” CEP neurons in ced-1 mutants led us to wonder how CEP degeneration impacts
downstream circuit partners and functions. The mapped and invariant connectome in this animal
indicated that CEP neurons are synaptic partners to twenty neurons (Cook et al., 2019; Sulston et
al., 1983; White et al., 1986), of which we curated three for further analyses: RIC (post-synaptic
to CEP), OLQ (gap junction to CEP) and OLL (gap-junction and pre-synaptic to CEP) (Fig. 4
A).We found no cell loss of any of these neurons in Day 3 adult animals 96 hours post-6-OHDA
in either wild type animals (most CEP are eliminated at this stage) or in ced-/ mutant animals
with persistent corpses (Fig. 4 B). Thus, loss or persistence of CEP neurons post 6-OHDA does

not alter survival of these cells in the circuit.
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We next examined dopamine circuit function through two CEP-driven animal behaviors:
swimming induced paralysis (SWIP) and basal slowing response (BSR). In SWIP, animals
swimming in water accumulate excess synaptic dopamine which triggers inhibitory cholinergic
neurons and leads to muscle paralysis (McDonald et al., 2007). In a modified assay that tests for
synaptic dopamine clearance, called DA-SWIP, exogenous dopamine is added to swimming
animals to track the kinetics of paralysis in animals with impaired dopamine clearance (Clark et
al., 2024). WT animals treated with 6-OHDA showed increased paralysis compared to non-
treated controls in this assay suggesting reduced clearance of synaptic dopamine (Fig. 4, C and
D)(Clark et al., 2024). In contrast, while initially paralyzed, ced-/ mutant animals treated with 6-
OHDA were better able to maintain synaptic dopamine clearance at extended time points (dark
gray versus dark magenta, Fig. 4, C and D). BSR reports on mechanosensory function of
dopamine neurons by monitoring how fed animals reduce their body bend frequency upon
encountering the mechanosensory stimulus of a bacterial “food” lawn (Sawin et al., 2000). We
found that WT and ced-1 mutant animals exhibited normal BSR, while the positive control cat-2
mutants (low dopamine) were defective as reported (Fig. 4 E) (Chase et al., 2004). After 6-
OHDA exposure, both wild type animals and ced-/ mutants exhibited defective BSR, consistent
with loss of mechanosensation (Fig. 4 E). Thus, blocking dopamine neurodegeneration post 6-
OHDA via ced-1 mutants can reverse animal behavior defects regulated by synaptic dopamine

levels but not those that rely on CEP’s mechanosensory function.

CEPsh glia neurotoxicity is due to altered dopamine levels

While our studies above identified CED-1 as the phagocytic receptor in muscles and epithelia,
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this left open the question of how CEPsh glia loss is neuroprotective (Fig. 1 J). CEPsh glia
regulate levels of the neurotransmitter glutamate, and glutamate excitotoxicity is a feature of PD
(Gibson et al., 2018; White et al., 1986). So, we first asked if the observed neuroprotection is
impacted by impaired glutamate clearance. Prior work showed that CEPsh glia express the
glutamate transporter GLT-1/EAAT2/SLC1A2 and loss of either the glia or g/t-1 causes
glutamate spillover (Katz et al., 2019). We noted no CEP neuron loss in g/t-/ mutant animals
indicating that excess glutamate is not innately neurotoxic. Further, rather than phenocopy the
glia-ablations, g/t-1 mutant animals instead showed increased CEP neurodegeneration (Fig. S3
A). Loss of a second glutamate transporter g/t-3 did not further enhance g/¢-1 mutant defects
(Fig. S3 A). Finally, by RT-qPCR, CEPsh glia-ablated animals had higher gi/z-1 transcript levels
and not less, and no change in g/#-3 transcript levels (Fig. S3, B-C). We inferred this increase as
compensatory up-regulation in non-glial cells where GLT-1 is also expressed. Further, wild-type
animals showed no change in g/¢-1 or glt-3 levels 24hr after 6-OHDA (Fig. S3, D-E). Taken
together, we concluded that at least loss of GLT-1 from glia and resulting glutamate spillover is

not the reason why loss of CEPsh glia is neuroprotective for CEP neurons.

In behavior studies, we had found that CEPsh glia-ablated animals exhibited SWIP like dat-1
mutants, suggestive of elevated dopamine levels (Fig. 5, A and B). So, we asked if altered
dopamine levels were causal to CEPsh glia effects by testing three conserved factors. Dopamine
biosynthesis requires CAT-2/tyrosine hydroxylase, a rate-limiting enzyme that converts tyrosine
to L-DOPA (Fig. 5 C) (Nass and Blakely, 2003). It is then packaged into synaptic vesicles by the
vesicular monoamine transporter CAT-1/VMAT/SLC18A2 and cleared by the transporter DAT-

1/SLC6A3 (Fig. 5 C) (Nass and Blakely, 2003). By RT-qPCR, we observed reduced transcript
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levels of cat-1, no change for dat-1, and a trend toward 2-fold increase for cat-2 (Fig. 5, D-F).

To test these as mechanistic possibilities, we first examined and found that CAT-1:GFP was
diminished in CEP neurons of glia-ablated animals, corroborating the RT-qPCR (Fig. 5 G).
However, cat-1 mutant animals did not phenocopy CEPsh glia-ablation and instead showed
increased degeneration, implying that reduced dopamine release was unlikely the causal
mechanism (Fig. 5 H). Strikingly, loss of cat-2 strongly suppressed the protection of glia-ablated
animals, while over-expression of CAT-2 blocked CEP neurodegeneration as previously reported
(Fig. 5 I and Fig. S3 F) (Masoudi et al., 2014). Importantly, SWIP behavior defects of CEPsh
glia-ablated animals were also suppressed by mutations in cat-2 (Fig. 5, A and B). Thus, taken
together, these results reveal that CEPsh glia ablated animals have increased CAT-2/TH levels
and thereby presumably L-DOPA/dopamine levels. This impairs dopamine-driven behaviors but

protects the animals against 6-OHDA insult.

DISCUSSION
This study uncovers that multiple heterologous cell-types - glia, epithelia and muscle - modulate
dopamine neurodegeneration across PD models. They each do so through distinct molecular

mechanisms, with impact on associated dopamine-driven animal behavior.

Epithelia and muscle impact PD neurodegeneration
While PD has broad CNS and PNS involvement, and PD genes can be broadly expressed, roles
of non-neuronal cells remain underexplored in PD. Our studies reveal epithelia and muscle as

phagocytes for degenerating CEP neurons. While not yet implicated in PD, both cell types can
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act as phagocytes in other contexts: both epithelia and muscle engulf axon debris post-injury and
developmentally apoptotic cells in C. elegans (Chiu et al., 2018; Hsieh et al., 2012; Nichols et
al., 2016; Reddien and Horvitz, 2004b); Drosophila muscle engulf presynaptic debris at the NMJ
(Fuentes-Medel et al., 2009); and zebrafish skin Langerhans cells engulf axon debris (Peterman
et al., 2023). In PD, skin epithelial a-synuclein levels are used as diagnostic biomarkers, and
clinical and animal model studies show skeletal muscle atrophy and increased intramuscular o-
synuclein (Gibbons et al., 2024; Yang et al., 2023). How either cell type accumulates a-synuclein

or how this impacts PD progression in human patient context awaits inquiry.

CED-1/MEGF10 regulates neurodegeneration and corpse clearance in PD models

CED-1 orthologs Draper and MEGF10 engulf AP in Alzheimer’s models in flies and cell culture
and regulate glial pruning in development (Chung et al., 2013; Hong et al., 2016; Ray et al.,
2017; Singh et al., 2010). However, phagocytic receptors that clear degenerating dopamine
neurons in Parkinson’s disease had not been identified (Tremblay et al., 2019). Our studies reveal
the conserved CED-1/MEGF10/Draper as the phagocytic receptor in both 6-OHDA and o-
synuclein C .elegans models of PD. Loss of ced-1 blocks dopamine neurodegeneration after
neurotoxic insult and protects some dopamine-driven animal behaviors. Our results also indicate
that CED-1 driven phagocytosis may exacerbate neuron death by “assisted” suicide. While such
a mechanism is not yet reported for PD to our knowledge, this is reminiscent of developmental
apoptosis in C. elegans where engulfment similarly aids cell death (Hoeppner et al., 2001;

Johnsen and Horvitz, 2016; Reddien et al., 2001).

How might CED-1 act? In innate immune signaling, ced-1 loss can both protect animals against
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pathogenic bacteria via PMK-1/MPK-1 signaling or enhance infection by downregulating the
unfolded protein response (Haskins et al., 2008; Wan et al., 2021). CED-1 also has separable
roles in axon debris clearance and regeneration (Chiu et al., 2018). Given these, we posit a two-
step mechanism of action: CED-1 is first recruited by rate-limiting PS. Subsequent downstream
signaling aids both the clearance of CEP corpses via engulfment and the facilitation of neuron-

death by a separate unidentified pathway.

Our finding that over-expressing CED-1 exacerbates CEP degeneration implies it is tightly
regulated in phagocytic cells. While Draper can transcriptionally self-regulate and CED-1 can be
post-translationally regulated by ubiquitin-dependent degradation, our results suggest that CED-1
clustering around dying neurons with exposed PS may be the relevant step in our PD model
contexts (Doherty et al., 2014; Lu et al., 2017; Yuan et al., 2022). Investigating how cells

localize CED-1/MEGF10 will be an exciting avenue of future inquiry.

Our studies also identify roles for CED-7/ABCA1 transporter and ANOH-1/TMEMI16F. This
suggests a necrosis mode of PS-exposure consistent with prior studies that showed that caspases
are irrelevant in CEP death in PD models (Nass et al., 2002). While ABCALI is not yet directly
implicated in human PD by GWAS, an Al-based drug repurposing screen identified an ABCA1
antagonist as a candidate blocker of PD pathology in a cell culture assay (Moskal et al., 2023).
Independently, a missense mutation with enhanced TMEM16F scramblase function was
identified in an Ashkenazi Jewish PD population, and TMEMI6F lesions in cell culture exhibit
reduced PS and a-synuclein spread (Cohen-Adiv et al., 2024). Thus, a potential model could be

that ANOH-1-dependent PS exposure recruits CED-1 to trigger engulfment, thereby driving
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spread of a-synuclein into the phagocytic cell.

Glial control of activity and degeneration of dopamine neurons

We found that C. elegans astrocyte-like CEPsh glia actively react to CEP neuron stress post 6-
OHDA insult. They also regulate dopamine levels, primarily via the rate-limiting CAT-
2/tyrosine hydroxylase, which impairs dopamine-related behavior but protects against neurotoxic
insult. This provides mechanistic insight into how astrocyte-like glia respond to neurotoxic
insult. In humans, both L-DOPA and glutamate modulation are therapeutic approaches, and
glutamate imbalance can cause neurotoxicity in striatal neurons in PD, although roles for either
neurotransmitter as protective versus toxic remains contentious (Lipski et al., 2011; Tambasco et
al., 2018; Zhang et al., 2020, 2019a). Our results on a single glial cell reveal two mechanisms
contributing to a multifaceted glial response (g/¢-1 vs cat-2), which may explain the challenge in
understanding glial functions in PD in systems where reproducible single-cell and temporal
resolution analyses are technically limiting. In summary, our findings provide a molecular and
cellular framework to definitively tease apart contributions of glia, epithelia, and muscle cells in

the degeneration and clearance of dopamine neurons in PD models.
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MAIN FIGURE LEGENDS

Figure 1. Loss of CEPsh glia protects CEP dopamine neuron degeneration in PD models
(A-A”’) Schematic showing anatomical positions of CEP neurons (CEPD and CEPV), CEPsh
glia, GLR glia, body wall muscle, and epithelial cells in the head. (A’-A’’) EM showing the
positioning of dorsal CEP neuron somas, a GLRDR glial cell, dorsal body wall muscles, and
dorsal epithelial cells; and ventral CEP neuron somas, ventral CEPsh glial cells, ventral body
wall muscles, and ventral epithelial cells. Image source: N2T [MRC] N2T 1646 in WormlImage.

https://www.wormimage.org (A’) and SW-Worm Viewer, Slice No. (85). 2024. Altun, Z.F.,

Crocker, C. and Hall, D.H. In WormAtlas. https://www.wormatlas.org/slidableworm.html) (A”?).

(B-B’) Micrograph (B) and schematic (B’) of cell bodies of CEPD and CEPV neurons, and
CEPshD and CEPshV glia in nsls105,0tls181 animals. Scale bar = Sum. (C) Schematic of assay
protocol, detailed in Methods. (D) Image of GFP-labeled dopaminergic CEP neurons of 50mM
6-OHDA or control treated v¢IsI animals. White lines, CEPV and CEPD neurons. Scale bars,
3um. (D) Single z-slice images of CEP neurons from (D) after control treatment (0) or after 6-
OHDA treatment that appear (1) non-rounded, (2) rounded, or (3) missing. Scale bar, 1um. (E)
Quantification of CEP degeneration/clearance at time points noted (x-axis) and percent neurons
(y-axis). Bar shades denote non-rounded cells (white), rounded (light gray), or missing (dark
gray). 3+ biological replicates, 14-26 animals/replicate. Total n = 69-106 animals/timepoint. (F)
Image of CEPsh glia in nsls 105 animals 24 hours after control or 5S0mM 6-OHDA treatment.
Dotted lines, CEPsh glia soma. Arrows, GFP aggregation in glia. (G) % CEPsh glia cells with
GFP aggregates 24 and 72 hours after control or 6-OHDA treatment, n = 29-43 cells and 9-10
animals/condition. (H) Image of CEP neurons from L3 animals in vtls! (WT) or nsls180,vtls1

(CEPsh ablated) strains. White lines and numbers, labeled cell-soma around the brain neuropil.
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Scale bars, Sum. (I) CEPD neurons 72 hours after 50mM 6-OHDA in vtls! (WT) or
nsls180;vtls1 (CEPsh ablated) animals, and CEPD neurons 72 hours after a control treatment in
CEPsh ablated animals. 3 biological replicates, 21-26 animals/replicate. Total n = 68-77
animals/condition. (J) CEP neurons 72 hours after 50mM 6-OHDA treatment in WT, m/s-
2(ns329), and vab-3(ot276) mutant animals in the v¢ls] background. 4 biological replicates for
wild type, 2 biological replicates for mls-2 and vab-3 mutants, each with 26 animals/replicate.
Total n = 52-104 animals (K) CEP neurons in Day 6 adults in WT or CEPsh ablated
backgrounds overexpressing human a-synuclein in dopaminergic neurons (er/s/). 2-3 biological
replicates, 5-10 animals/replicate. Total n = 28 for WT and 12 for CEPsh ablated animals. (B, D,
F, H) Top = anterior of animal. Images are 60x magnification with max-z projection unless
noted. Statistics for all graphs, unless noted otherwise: error bars = 95% confidence interval, n.s.

p>0.05, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (Fisher’s exact test).
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Figure 2. CED-1 in muscle and epithelia drives degeneration and clearance of CEP neurons
(A, C, D) Quantification and statistics as in Fig. 1 E. (A) CEP neurons 72 hours after 50mM 6-
OHDA in genotypes noted with v¢ls] reporter. Total n = 66-78 animals/condition. (B) CEP
neuron degeneration quantified in genotypes noted, plotted as Fig. 1 K. Same wild type data as
Fig. 1K. Total n = 28 for WT and 31 for ced-1 animals. (C-D) Effect of P;,-3:CED-1 (C) or Pyp,-
7:.CED-1 (D) extrachromosomal array on CEPD and CEPV neurons 72 hours after 50mM 6-
OHDA in WT and ced-1(el754) animals with v¢ls] reporter transgene. Total n = 70-78
animals/condition. (E-F) z-projection image of [Puyo-3:CED-1:SL2:mKate2]; vtIsI (E) or [Papy-
7:CED-1:SL2:mKate2]; vtls! (F) 24h after 6-OHDA or control treatment, as noted. Top, anterior
of animal. CEP neurons, magenta (E, F); muscle, green (E); epithelia, gray (F). Scale bar, 10um
(40x magnification, single z-section). (E’-F’) CEP neurons (magenta) either non-rounded
(control treatment) or rounded (6-OHDA treatment) engulfed by dorsal body wall muscle (green,

E’) or ventral epithelia (gray, F’), as noted. Scale bars, 1um (40x, single z-section).
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Figure 3. CEP degeneration and engulfment is regulated by CED-1 recruitment and PS
exposure

(A) Non-rounded or rounded CEP neurons (magenta) with CED-1 (green) clustering in
smls34,otls181 animals 24 hours after 6-OHDA treatment. Scale bar, 1um. (B) Quantification of
RT-gPCR for ced-1 mRNA levels in control or 6-OHDA treated animals, 24 hours post-
exposure, normalized to the control gene, tha-1. Means of 6 biological replicates plotted per
condition. Error bars + SEM of 6 biological replicates (n.s. p > 0.05, unpaired two-tailed t-test).
(C) Non-rounded or rounded CEP neuron (magenta) and secreted AnnexinV (sAnxV, cyan)
localization in v¢ls 1, Papy-7:sAnnexinV:mScarlet animals 24 hours after 6-OHDA treatment. Scale
bars, 1um. (D-E) CEP neurons 72 hours after S0mM 6-OHDA treatment in genotypes noted.
Quantification and statistics as in Fig. 1 E. (D) 2 biological replicates, 25-26 animals/replicate.
Total n = 51-52 animals/condition. (E) 3-5 biological replicates, 23-26 animals/replicate. Total n
= 73-130 animals/condition. (F) Fluorescence and DIC images of CEP neurons in wild type or
ced-7(n2094) animals 24 hours after 6-OHDA exposure, in v¢ls] reporter. White arrows, cell
soma. Scale bars, 3um. (G) CEP neurons 24 and 72 hours after 5S0mM 6-OHDA treatment in
genotypes noted. Quantification and statistics as per Fig. 1 E. 3 biological replicates, 26-40
animals/replicate. Total n = 77-91 animals per condition. (A, C, F) Single z-slice presented, 60x

magnification. Top of image, anterior of animal.
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Figure 4. Loss of ced-1 partially protects CEP functionality after 6-OHDA

(A) Schematic circuit with curated CEP synaptic partners: RIC, OLL, and OLQ. (B) RIC, OLL,
and OLQ neurons in WT and ced-1(el754) animals 96 hours after 6-OHDA treatment.
Quantification as per Fig. 1 E. 2-3 biological replicates, 16-25 animals/replicate. Total n = 46-54
animals/condition. (C-D) Percent animals swimming in 300um dopamine 72 hours after
treatment (control or 6-OHDA) in genotypes as noted. dat-1(okl57) positive control had 2
biological replicates, 72 hours post-control treatment (n = 39 animals). Error bars, 95%
confidence intervals, 4-8 biological replicates, 8-20 animals/replicate. Total n = 40-107
animals/timepoint. (D) Percent animals swimming at 15 min after control or 6-OHDA treatment.
(****p<0.0001,**p<0.01, *p<0.05, n.s. p>0.05, Fisher’s exact test). (E) Body bends per 20s of
vtls1 and vtlsl;ced-1(el754) animals 72 hours after 6-OHDA or control treatment in the
presence or absence of HB101 bacteria. cat-2(cer181) animals 72 hours after control treatment
were used as a positive control. The means and SD for 2 biological replicates each with 4-6
animals/replicate are plotted. Total n = 10-12 animals/condition (****p<0.0001, unpaired two-

tailed t-test
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Figure 4, Rojas et al., 2025
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Figure 5. Glial neurotoxicity is mediated by dopamine signaling

(A) Percentage of vtls! (WT), nsls180;vtls] (CEPsh Ablated), cat-2(ceri81);nsls180,vtls1, and
dat-1(ok207) animals at the L4 stage swimming in deionized water for 20 min. Error bars = 95%
confidence intervals. 2 biological replicates, 17-36 animals/replicate. Total n = 43-68
animals/timepoint. (B) Percentage of animals swimming at 20 min from (A) (****p<0.0001, n.s.
p>0.05, Fisher’s exact test). (C) Simplified schematic of dopamine biosynthesis and release
pathway. (D-F) RT-qPCR quantification of cat-2 (D), dat-1 (E), or cat-1 (F) mRNA levels in
N2 and nsls180 L3 stage animals, normalized to the control gene, tha-1. The means and SEM of
3 biological replicates are plotted. (D-E) n.s. p>0.05, unpaired two-tailed t-test with welch’s
correction. (F) ***p<0.001, unpaired two-tailed t-test. (G-H’) CAT-1:GFP in WT and CEPsh
ablated animals. Boxed area in G-H, zoomed in G’-H’, respectively. Scale bars, 10um (60x
magnification, max projection). Asterisk, CEP neurons (G-G’), missing in (H-H’). (I) CEP
neurons 72 hours after 50mM 6-OHDA or control treatment in genotypes noted in vtls/
background. Error bars, 95% confidence intervals for 2 biological replicates, 33-36
animals/replicate. Total n = 66-69 animals per condition (****p<(0.0001, **p<0.01, n.s. p>0.05,
Fisher’s exact test). (J) CEPD neurons 72 hours after 5S0mM 6-OHDA or control treatment in
genotypes noted in the vtls/ background. hals4 animals (CAT-2 overexpression) were scored
without v#/s in the background. Error bars, 95% confidence intervals for 3-5 biological
replicates, 19-26 animals/replicate. Total n = 71-130 animals per condition (****p<0.0001,
*#p<0.01, n.s. p>0.05, Fisher’s exact test). (K) Model schematic: CEP neurons degenerate after
6-OHDA exposure. Epithelia and muscle cells engulf CEP neurons via CED-1. Loss of CED-1
prevents CEP neuron degeneration and clearance. Loss of glia prevents CEP neuron

degeneration and increases dopamine signaling.
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Figure 5
Rojas et al., 2025
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SUPPLEMENTAL FIGURE LEGENDS

Supplemental Figure 1. CEP degeneration quantified across conditions and genotypes

(A, B, D) Data quantification and statistics as per Figure 1E. (A) CEP phenotypes in L1 animals
after 50mM 6-OHDA treatment at different time points as noted. 2+ biological replicates, 20-26
animals/replicate. Total n = 40-121 animals/timepoint. (B) CEP phenotypes in otls/81 animals at
timepoints noted after S0mM 6-OHDA treatment in L1 animals. 2+ biological replicates, 15-26
animals/replicate. Total n = 33-104 animals/timepoint. (C) Schematic of the known engulfment
pathway. (D) CEP neurons 72 hours after S0mM 6-OHDA treatment in genotypes noted in vtls/
background. 3+ biological replicates, 13-26 animals/replicate. Total n = 65-102

animals/condition. (E) CED-1 domain structure with (e/754) and (el735) lesions noted (both

Q>Stop).
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Supplemental Figure 2. Gene and protein expression analysis of ced-1

(A) Quantification of ced-1 mRNA levels by RT-qPCR in N2 and nsls /80 L3 stage animals,
normalized to the control gene, tha-1. Means and SEM of 2 biological replicates plotted (n.s.
p>0.05, unpaired two-tailed t-test). (B-C) Effect of Pir-228:CED-1 (B) or Pyep-25:CED-1 (C)
extrachromosomal arrays on CEPD and CEPV neurons 24 hours after 50mM 6-OHDA in ced-
1(el754) animals in the vtls] background. Quantification as Figure 1E. (B) 3 biological
replicates, 7-26 animals/replicate. Total n = 35-71 animals per condition. (C) 2-3 biological
replicates each with 5-26 animals/replicate. Total n = 28-78 animals/condition (****p<0.001,
n.s. p>0.05, Fisher’s exact test). (D-E) Fluorescence imaging using split-GFP. Top, anterior of
the animal. Dashed white line, animal outline. Scale bars, 10um (40x magnification, single z-
section). (D) Pces.;:GFP(1-10) with Pgy,.7:GFP(11) for epithelia-specific expression and Pgpy-
7:mScarlet to mark epithelia. Arrows, points of co-expression between GFP and mScarlet in
epithelia. (E) Pcea-1:GFP(1-10) with Pyy0-3:GFP(11) for muscle-specific expression. Piyo-
3:mScarlet marks muscle. Arrows, points of co-expression between GFP and mScarlet in muscle.
(F-G) Western blot (F) and quantification of CED-1:GFP in smls34 animals 24 and 40 hours
after control or 6-OHDA treatment with an actin control for normalization. (G) Means and SEM

of 2 biological replicates (24h samples) or 3 biological replicates (40h samples) plotted.
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Supplemental Figure 2
0.089 Rojas et al., 2025
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Supplemental Figure 3. Role of neurotransmitter regulators in CEP neurodegeneration
(A) CEP neurons 72 hours after 5S0mM 6-OHDA or control treatment in genotypes noted.
Quantification as Figure 1E. 2-3 biological replicates each with 25-40 animals/replicate. Total n
= 50-91 animals per condition (****p<0.0001, **p<0.01, n.s. p>0.05, Fisher’s exact test). (B-E)
glt-1 (B) or glt-3 (C) mRNA levels in N2 and nsls /80 L3 stage animals, without (B, C) or 24h
post-6-OHDA treatment (D-E), normalized to the control gene, tha-1. The means and SEM of 3
biological replicates are plotted (n.s. p>0.05, unpaired two-tailed t-test with welch’s correction).
(F) CEPD neurons 72 hours after 50mM 6-OHDA in genotypes noted, quantified as in Fig. 1 E.
3 biological replicates, 25-50 animals/replicate. Total n = 91-102 animals per condition

(****p<0.0001, **p<0.01, n.s. p>0.05, Fisher’s exact test).
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EXPERIMENTAL PROCEDURES

C. elegans methods and strains

C. elegans were cultured as previously described (Brenner, 1974; Stiernagle, 2006). Bristol N2

strain was used as wild type. Animals were raised at 20°C for two weeks without starvation.

Germ-line transformations by micro-injection to generate unstable extra-chromosomal array

transgenes were carried out using standard protocols (Mello et al., 1991). Strains used are listed

below:

N2 Bristol
TG2435
0S3549
CB3261
OH7193
OH4254
ASJ78
ASJ207
ASJ208
ASJ209
ASJ258

ASJ386
ASJ397
ASJ475
ASJ482
ASJ483
ASJ484

ASJ633
ASJ637

vtlsl [dat-1p::GFP + rol-6(sul006)] V

nsls180 [Phlh-17:split-Caspase + coel:GFP]

ced-1(el754) 1

otls181[dat-1::mCherry + ttx-3::mCherry] IlI; him-8(el489) IV
vtlsi[dat-1p::GFP + rol-6(sul006)] V; vab-3(0t266) X

ced-10(n1993) IV, vtlsl V[dat-1p::GFP + rol-6(sul006)]

ced-1(el754) I; psr-1(tm469) IV; vtis1 [dat-1p::GFP + rol-6(sul006)] V
ced-1(el754) I; vtlsl [dat-1p::GFP + rol-6(sul006)] V

psr-1(tm469) 1V, vtlsl [dat-1p::GFP + rol-6(sul006)] V

nsls180 [Phlh-17:split-Caspase + coel:GFP] IV; vtls1 [dat-1p::GFP +
rol-6(sul006)] V

nsls105 [Phlh-17(1.9kb):GFP] I; otls181 [dat-1::mCherry + ttx-3::mCherry] Il
ced-6(ni1813) III; vtlsl [dat-1p::GFP + rol-6(sul006)] V

ced-7(n2094) 111, ntls1 V

ttr-52(tm2078) 111, vtlsl [dat-1p::GFP + rol-6(sul006)] V

ced-2(n1994) 1V, vtlsl [dat-1p::GFP + rol-6(sul006)] V
otls181[dat-1::mCherry + ttx-3::mCherry] IlI; smis34[ced-1p::ced-1::GFP +
rol-6(sul006)]

dnaEx168[Pmir-228:CED-1:SL2:mKate2 + coel:RFP]; ced-1(el754) I, vtIsl V
dnaEx192[Pdpy-7:CED-1:SL2:mKate + coel:RFP]; vtlsl V
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ASJ638 dnaEx192[Pdpy-7:CED-1:SL2:mKate + coel:RFP]; ced-1(el754) I; vtlsl [
dat-1p::GFP + rol-6(sul006)] V

ASJ648 ced-6(ni813) III; ced-2(n1994) 1V, vtls1 [dat-1p::GFP + rol-6(sul006)] V

ASJ978 ced-1(el754) I; dnaEx249[Pnep-2s:CED-1:SL2:mKate2 + coel:RFP]; vtlsl V

ASJ1051 otls181[dat-1::mCherry + ttx-3::mCherry] 111

ASJ1511 dnaEx483[Pmyo-3:CED-1:SL2:mKate2 + coel:RFP]; vtlsl V

ASJ1066 dnaEx483[Pmyo-3:CED-1:SL2:mKate2 + coel:RFP]; ced-1(el754) I; vtIsl V

ASJ1069 dnaEx485[Pdpy-7:annexin V:mscarlet + coel:RFP]; vtlsl

ASJ1471 vtlsl[dat-1p::GFP + rol-6(sul006)] V; mls-2(ns329) X

ASJ1505 nsls107 [thh-1:GFP + lin-15(+)] lII; vtls1 [dat-1p::GFP + rol-6(sul006)] V'

ASJ1507 vtlsl [dat-1p::GFP + rol-6(sul006)] V; otls138 [ser-2(prom3)::GFP +
rol-6(sul006)] X

ASJ1508 ced-1(el754) I; vtlsl [dat-1p::GFP + rol-6(sul006)] V; otls138 [
ser-2(prom3)::GFP + rol-6(sul006)] X

ASJ1510 ced-1 (el754) I; nsls107 [tbh-1:GFP + lin-15(+)] I1I; vtis1 [dat-1p::GFP +
rol-6(sul006)] V

ASJ1527 vtlsl [dat-1p::GFP + rol-6(sul006)] V; glt-1(0k206) X

ASJ1528 glt-3(bz34) IV; vtIsl [dat-1p::GFP + rol-6(sul006)] V,; glt-1(0k206) X

ASJ1529 glt-3(bz34) 1V; vtis1 [dat-1p::GFP + rol-6(sul006)] V

ASJ1548 anoh-1(tm4762) I11; vtis1 [dat-1p::GFP + rol-6(sul006)] V

ASJ1563 vtlsl [dat-1p::GFP + rol-6(sul006)] V; ced-8(ni1891) X

UAS7 bals4 [dat-1p::GFP + dat-1p.::CAT-2]

ASJ1564 ced-1 (el754) I, bals4 [dat-1p::GFP + dat-1p::CAT-2] IV

ASJ1610 cat-2(cerl81[cat-2p::GFP::H2B 1-3]) II; vtIsl [dat-1p::GFP + rol-6(sul006)] V

ASJ1612 cat-2(cerl81[cat-2p::GFP::H2B 1-3]) II; nsls180 [Phlh-17:split-Caspase +
coel:GFP] IV; vtls1 [dat-1p::GFP + rol-6(sul006)] V

ASJ1554 cat-2 (el112) II; vtisl [dat-1p::GFP + rol-6(sul006)] V

ASJ1556 cat-2 (el112) II; nsis180 [Phlh-17:split-Caspase + coel:GFP] IV; vtls1 [dat-
Ip::GFP + rol-6(sul006)] V

ASJ1613 dnaEx712[Pced-1:spGFP(1-10) + Pmyo-3:spGFP(11) + Pmyo-3:mScarlet]

ASJ1614 dnaEx713[Pced-1:spGFP(1-10) + Pdpy-7:spGFP(11) + Pdpy-7:mScarlet]
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ASJ1686 ced-1(el754) I; eralsl [dat-1p::mCherry + dat-1p::hSNCA::Venus]

ERS100 eralsl [dat-1p::mCherry + dat-1p::hSNCA::Venus]

ASJ1863 nsls180 [Phlh-17:split-Caspase + coel:GFP] IV; eralsl [dat-1p::mCherry + dat-
1p::hSNCA::Venus]

ASJ1063 dnaEx481[Pdpy-7:annexin V:mscarlet + coel RFP]; vtlsl

TL9 bam-2(cy7) I, cyls4 [cat-1p::cat-1::GFP + rol-6(sul006)]

ASJ nsls180 [Phlh-17:split-Caspase + coel:GFP] IV; cyls4 [cat-1p::cat-1::GFP +
rol-6(sul006)]; bam-2(cy7)?

ASJ kyEx581 [ocr-4::GFP + lin-15(+)];ced-1(el754) I; vtIsl [dat-1p::GFP + rol-
6(sul006)] V

ASJ kyEx581 [ocr-4::GFP + lin-15(+)]; vtis1 [dat-1p::GFP + rol-6(sul006)] V

Plasmids

Cell-specific CED-1: cDNA for the CED-1A isoform was PCR amplified from a mixed stage

cDNA library and cloned into ASJ54 (Pmir-22s:SL2:mKate2) using Xmal/Nhel sites to generate
the pan-glial CED-1 rescue construct ASJ154/pGR3 (Ppir-22¢:CED-1A:SL2:mKate2); ASJ154
was injected into N2 worms at 15ng/puLL with 20ng/uL of Pusc-122:RFP(Miyabayashi et al., 1999)
as a co-injection marker. To generate the GLR CED-1 rescue construct, the truncated Py ep-2s
promoter was digested from ASJ27/pGR1 (Ppep-25:GFP) and cloned into ASJ154 using Sphl/Notl
restriction sites to generate ASJ165/ASJ166 (Pyep-2s: CED-1A:SL2:mKate2); ASJ165 was injected
into N2 worms at 20ng/puL with 20ng/pL of Puyc122:RFP as a co-injection marker (Yamada et al.,
2010). To generate the epithelial CED-1 rescue construct, the P4,,.7 promoter was digested and
cloned into ASJ154 using Sphl/Notl restriction sites to generate ASJ157/ASJ158 (Pyp,-7:CED-
1A:SL2:mKate2); ASJ157 was injected into N2 worms at 20ng/pL with 20ng/uL of Pyyc-122:RFP
as a co-injection marker. To generate the body wall muscle CED-1 rescue construct, the Puyo-3

promoter was cloned into ASJ54 using Gibson cloning to generate ASJ356 (Py0-3:CED-
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1A:SL2:mKate2); ASJ356 was injected at 20ng/uL with 20ng/uL of Puc-122:RFP as a co-

injection marker directly into ced-1(el754) mutant animals carrying the vtIs1 transgene.

Papy-7:sAnnexinV:mScarlet: The dpy-7 promoter (~350bp) from ASJ157 (Pgpy-7:CED-

1A:SL2:mKate2) was restriction digested using Sphl and Notl enzymes and ligated with the

sAnnexinV:mScarlet sequence from ASJ45 (Prs3r413:AnnexinV:mScarlet) to make ASJ387/388.

Cell-specific split-GFP: To generate epithelial- or muscle-specific expression of split GFP,

fragment spGFP(1-10) was expressed under the P..qs.; promoter and fragment spGFP(11) was
expressed under either Pyy,-7 (epithelia) or Pyo-3 (muscle) (Feinberg et al., 2008). spGFP(1-10)
was PCR amplified from a plasmid containing Pyce-4:CD4-2:spGFP1-10 with Mscl and EcoRI
restriction sites added to the 5° and 3 ends, respectively (Feinberg et al., 2008). spGFP(11) was
PCR amplified from a plasmid containing P,ie-3:CD4-2:mCherry:spGFP11 with Xbal and EcoRI
restriction sites added to the 5° and 3’ ends, respectively (Feinberg et al., 2008). To generate Pccq-
1:spGFP1-10, the ced-1 promoter was restriction digested from pZZ615 using Sphl and Mscl
enzymes and ligated together with spGFP1-10 into the pSM:GFP vector backbone was
restriction digested with Spil and EcoRI enzymes to make ASJ457/458 (McCarroll et al., 2005).
To generate Pypy-7:spGFP11, spGFP11 cDNA was restriction digested with Xbal and EcoRI
enzymes and ligated into ASJ157 (Pgpy-7:CED-1A:SL2:mKate2) to make ASJ459/460. To
generate Ppyo-3:5SpGFP11, spGFP11 cDNA was restriction digested with Xbal and EcoRI
enzymes and ligated into ASJ356 (Pnyo-3:CED-1A:SL2:mKate2) to make ASJ461/462. All

constructs were injected at 30ng/uL into N2 animals.
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6-hydroxydopamine treatment

Treatment with 6-hydroxydopamine was done as previously described with modifications (Nass
et al., 2002; Offenburger et al., 2018b). Worms were washed off a mixed population 6¢cm plate
using M9 buffer, and specific larval stages were synchronized and enriched using sieves of
different sizes (15 um = L1, 20 um = L2/L3). While on the filters, worms were washed with M9
buffer 3x. They were then collected in 1.7mL Eppendorf tubes and allowed to settle to the
bottom of the tube. 30uL of worms were added to a 96-well plate with 10puL of 200mM L-
ascorbic acid (Sigma CAS #50-81-7) and then 10uL of a 5x 6-OHDA stock (Sigma CAS
#28094-15-7) was added to a final volume of 50 uL (or L-Ascorbic acid alone as control). The
plate was shaken on a horizontal shaker for 1hr at 500 RPM, after which 150uL of M9 was
added to each well to oxidize the 6-OHDA and stop the reaction. Worms were then transferred
using a glass pipette to an OP50 seeded plate and left uncovered for 5-10 minutes in a fume hood
to dry. Plates were then covered and incubated at 20°C. In all paradigms, we exposed staged
animals to a given concentration of 6-OHDA for 1 hour and examined CEP neurons via
fluorescent reporters for changes in morphology as a basis for degeneration. CEP neurons were
then scored for clearance 24 hours, 48 hours, and 72 hours after SOmM 6-OHDA treatment. CEP
neurons were visualized using the vtls/ or otls181 transgenes expressing GFP or mCherry under
the dat-1 promoter, respectively, as noted (Bertrand and Hobert, 2009; Nass et al., 2002). CEP
neurons were scored for intact and visible cell bodies. CEP neurons were scored as (1) non-
rounded if the cell body was visible and maintained its gross shape, (2) rounded if the cell body
was visible but looked rounded or spherical, or (3) missing if there was no cell body visible or
detectable fluorescent signal. Percent CEP neurons visible were calculated against total number

of CEP neurons expected (4 per animal).
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Microscopy

Worms were immobilized on 2% agar pads using 1% tetramisole hydrochloride (Sigma CAS
#16595-80-5) dissolved in M9 buffer. Images were acquired on a Deltavision Elite RoHS wide-
field deconvolution system with Ultimate Focus (GE), a PlanApo 60%/1.42 NA or OLY
100%/1.40 NA oil-immersion objective and a DV Elite CMOS Camera. Images were processed

using Imagel, F1JI.

Alpha synuclein degeneration assay

erals] worms expressing human a-synuclein tagged with mVenus under the dat-1 promoter
(Vozdek et al., 2022b) in WT, ced-1(el754), and nsls180 background were synchronized by
picking L4 worms from a mixed stage plate and culturing them at 20°C. Animals were
transferred daily to segregate from newly molted adults. The 4 CEP neurons were monitored on
Adult Day 6 for neurodegeneration. The CEP neurons were scored for intact and visible cell

bodies like in the 6-OHDA scoring protocol.

Behavior assays

Swimming induced paralysis (SWIP): Animals were examined for swimming induced paralysis
in deionized water as previously described (Hardaway et al., 2015; McDonald et al., 2007). In
brief, L4 animals were picked from a mixed-stage plate and placed in 20uL of deionized water
on a glass coverslip. Animals were monitored for body bends every 5 minutes for 20 minutes.
Animals that performed a full body bend were labeled “swimming” whereas animals that could

not perform a full body bend were labeled “not-swimming.”
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Swimming induced paralysis in dopamine (SWIP-DA): Animals were examined for swimming

induced paralysis with the addition of exogenous dopamine as previously described (Clark et al.,
2024). In brief, L3 animals underwent either a 1h 6-OHDA (50mM) or control treatment and
allowed to recover for 72h. 8-10 animals were then placed in 20uL of a 300uM solution of
dopamine-hydrochloride (Sigma CAS #62-31-7) in deionized water on a glass coverslip.
Animals were monitored for body bends every minute for 15 minutes. Animals that performed a
full body bend were labeled “swimming” whereas animals that could not perform a full body

bend were labeled “not-swimming.”

Basal slowing response: Animals were examined for the basal slowing response as previously

described (Petratou et al., 2024; Sawin et al., 2000). In brief, L3 animals underwent either a 1h 6-
OHDA (50mM) or control treatment and allowed to recover for 72h. 5-7 animals were then
picked and transferred through three 20uL drops of M9 on a coverslip to remove any bacteria on
their body. Washed worms were then placed onto unseeded and seeded NGM plates with
HB101. Worms were allowed to recover for 2 minutes before taking S-minute videos of their
locomotion. Videos were manually scored for body bends over a continuous 20 second period.
Each worm was only counted once. A body bend is considered complete when the head area
moves to the opposite direction (Petratou et al., 2024). Body bends were counted for both
forward and backward locomotion. On NGM plates with HB101, body bend counts were done

only on animals that had entered the bacterial lawn.

RTq-PCR
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To evaluate changes in ced-1 expression after 6-OHDA exposure, N2 L3 worms were treated
with 50mM 6-OHDA or without 6-OHDA for 1 hour and then prepped for RNA isolation 24
hours later. To evaluate changes in glt-1, glt-3, ced-1, cat-2, cat-1, and dat-1 expression in
CEPsh ablated animals, L3 N2 and CEPsh ablated animals were isolated from a mixed stage 6
cm plate using filters. For all experiments, RNA for at least three independent biological
replicates was isolated using TRIzol and Direct-zol RNA extraction kit protocols, with
modifications. Briefly, worms were incubated in TRIzol at room temperature for 10 minutes and
occasionally vortexed. Worms were then flash frozen in liquid nitrogen, thawed at 37°C on a
heat block and then vortexed for 1 min. Thaw/freeze/vortex cycle was repeated 5x. Worms were
then placed at -80°C before all biological replicate samples were ready for RNA extraction. RNA
was purified via the Direct-zol RNA extraction kit, quantified via nanodrop, normalized to
100ng, and transcribed into cDNA using QuantiTect RT kit. RT-qPCR was performed in three
technical replicates on each biological sample using TagMan primers. A no template control was

run alongside each biological replicate.

Statistical Analysis

All statistical analysis was performed using GraphPad Prism 11. To evaluate changes in CEP
neurodegeneration, a Fisher’s Exact Test was used. To compare changes in fluorescence
intensities, a two-tailed t-test was used unless otherwise stated. To compare changes in gene
expression from RT-qPCR data, RQ values were averaged for each condition and compared

using a two-tailed t-test with or without Welch’s correction depending on the standard deviation.

Western Blot
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Immunoblotting was done as reported with modifications (Yuan et al., 2022). L3 smls34 worms
underwent a 1h 50mM 6-OHDA or control treatment and allowed to recover for 24h or 40h
before being cleaned and collected in M9 buffer and stored at -80°C. After thawing, worms were
resuspended in RIPA lysis buffer (25 mM Tris—HCI, pH 7.4, 150 mM NacCl, 1% sodium
deoxycholate, 0.1% SDS) containing the HALT protease inhibitor cocktail (Thermo Fisher
Scientific ref. 78441), homogenized completely with a mechanical mortar and pestle, and
centrifuged at 15,000 x g at 4°C for 20 min to remove debris. Protein samples were quantified by
the BCA method, then 20-30 pg samples containing 1xSDS loading buffer with 5% 2-
mercaptoethanol were boiled at 100°C for 5 min. Protein samples were loaded onto a 10% Tris-
Glycine gel and transferred onto mini 0.2 pum PVDF membranes using the Trans-Blot Turbo
system (Bio-Rad ref. 1704156), probed with the mouse anti-GFP primary antibody (Santa Cruz
Biotechnologies, ref. sc-9996)(1:1000) and a goat anti-mouse HRP-conjugated secondary
antibody (Thermo Fisher ref. AB 2533947) (1:250), and developed with the Clarity Max™

Western ECL substrate (Biorad ref. 1705062).
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Chapter 3

ADDITIONAL EXPERIMENTS

In this chapter, I summarize experiments I performed but were not included in the published

manuscript. At the end, I also include the methods and strains used in this chapter.

CED-1 and CED-10 regulate CEP corpse clearance in L1-arrested animals

I previously showed that loss of ced-1 protects CEP neurons from degeneration and
prevents CEP corpse clearance after treatment in well-fed L3 animals. However, I also examined
the role of ced-1, psr-1, and ced-10 in CEP corpse clearance when L1-arrested animals are
treated with 6-OHDA. In brief, adult gravid animals were allowed to lay eggs in M9 in a 96 well
plate overnight (between 18-30hr). The eggs would hatch overnight and would arrest at L1
because there was no food present. The next day, these L1-arrested animals were treated with 6-
OHDA for 1h and then placed onto an OP50-seeded plate and allowed to recover at 20°C. These
animals were examined for CEP clearance 24, 48, and 72 hours later.

I found that ced-1 mutant animals showed less missing CEP neurons at all time points;
however, by 72 hours, over 70% of CEP neurons are missing in ced-/ mutants which is in stark
contrast to L3-treated animals (Figure 1 A-C). Loss of psr-1 had a mild effect on CEP clearance
at 48h and 72h after 6-OHDA treatment and no effect at 24h (Figure 1 A-C). Finally, loss of ced-
10 seemed to protect CEP neurons from degeneration at 24h and mildly at 48h (Figure 1 A-C).
These results suggest that ced-1 is only partially necessary for CEP corpse clearance in this

paradigm and another mechanism is employed to remove the corpses.
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Figure 1: ced-1, psr-1, and ced-10 mutants after 6-OHDA exposure

(A-C) Percentage of CEP neurons 24 hours (A), 48 hours (B), or 72 hours (C) after 50mM 6-
OHDA exposure in L1-arrested WT, ced-1(el754), psr-1(tm469), or ced-10(n1993) animals
expressing the transgene vtls/. Error bars = 95% confidence intervals for 2-5 biological
replicates each with 10-26 animals per condition. Total animals examined is indicated above

each bar. (*p<0.05, **p<0.01, ****p<(0.0001, Fisher’s exact test).
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One possibility is that the GFP is quenched faster in younger animals because of the
smaller size of the neurons in earlier larval stages. One way to mitigate this would be to examine
CEP neurons using Normaski microscopy techniques which relies on the difference in contrast of
dying cells compared to living cells (Lu et al., 2009). Another possibility is that the persistent
CEP corpses disintegrate. Early studies on the CED genes suggested that cell corpses in embryos
and early larva are more fragile than living cells and are prone to bursting before being engulfed
(Ellis et al., 1991). Nonetheless, ced-1 mutants alter the clearance of CEP neurons in L1-treated
animals.

The lack of CEP protection seen in ced-/ mutants in L1 animals was also surprising given
the protective role I see when treating L3 animals. One possibility is that 50mM exposure may
be too high of a dose which overrides any protection that may occur in ced-/ mutants. To
determine this, future studies could use lower concentrations of 6-OHDA. Finally, another
possibility is that L1-arrested animals are already protected against 6-OHDA, possibly through
the same mechanism as ced-1. When L1-arrested animals are fed again and resume development,
they upregulate ER and UPR stress genes that help them recover from their starved states (Roux
et al., 2016). Indeed, a recent study found that L1-arrested animals were more resistant to 6-
OHDA compared to unstarved L1 animals (Offenburger et al., 2018b). To determine if starvation
is impacting ced-1 protection against 6-OHDA, filtered L1 animals need to be tested in the assay,

instead of using L1-arrested animals.

DYN-1 protects against 6-OHDA degeneration
It has been previously shown that the CED-1 engulfment pathway includes the large

GTPase dynamin (DYN-1) (Yu et al., 2006). DYN-1 works downstream of CED-1 and CED-6 to
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promote both pseudopod extension and phagosome maturation (Yu et al., 2006). Thus, DYN-1 is
necessary for both corpse internalization and degradation. I asked whether DYN-1 was involved
in the clearance of CEP corpses. To test this, I examined the heat-sensitive dyn-1(ky51) mutant
after 6-OHDA exposure. In brief, WT and dyn-1(ky51) animals were raised at 20°C, treated with
6-OHDA at L3 for 1h, and then allowed to recover on OP50 plates at 25°C. The dyn-51(ky51)
mutant is sensitive to higher temperatures and is unable to function at 25°C. Loss of dyn-1
enhanced CEP neuron degeneration at 24, 48, and 72 hours, and most neurons appeared to have
degenerated within the first 24 hours (Figure 2A). This result was surprising since loss of ced-1/
prevents CEP clearance and degeneration. DYN-1 is known to have roles in axonal regeneration,
so one possibility is that DYN-1 functions in CEP neurons to protect them or help them recover
from 6-OHDA toxicity (Vijayaraghavan et al., 2023). It was also surprising that dyn-/ mutants
did not inhibit the removal of CEP corpses. However, when looking at previously published
expression datasets, DYN-1 appears to be expressed highly in neurons (including CEP) but not
in epithelial or muscle cells in larval and adult animals (Clark et al., 1997). In addition, although
dyn-1 loss has been shown to cause engulfment defects during C. elegans embryogenesis, dyn-

1(ky51) mutants show no engulfment defects in embryos (Yu et al., 2006).
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Figure 2. dyn-1(ky51) mutants increase CEP degeneration

(A) Percentage of CEP neurons 24 hours, 48 hours, or 72 hours after 50mM 6-OHDA exposure
in L3 WT or dyn-1(ky51) animals expressing the transgene vtls/. Error bars = 95% confidence
intervals. 2 biological replicates each with 12-26 animals were measured for dyn-1 animals. Only
one biological replicate for WT was measured. Total animals examined is indicated above each

bar. (***p<0.001, ****p<0.0001, Fisher’s exact test).

Interestingly, dyn-1 also plays a role in synaptic vesicle recycling (Wu et al., 2014). Thus,
the effect we are seeing could be due to its role in synaptic vesicle recycling. Indeed, dyn-1(ky51)
mutants show almost immediate locomotory defects when shifted to higher temperatures, but
they are also able to recover when shifted back down (Clark et al., 1997). This suggests a role in
disrupted synaptic signaling like in unc-13 mutants which are unable to release synaptic vesicles.
Thus, these results suggest that DYN-1 may be neuroprotective against 6-OHDA by regulating

synaptic vesicle release.
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MEK-1 and SEK-1 protect while KGB-1 promotes CEP degeneration

Previous work has shown that JNK signaling is necessary for proper engulfment of
axonal debris via CED-1 (Chiu et al., 2018). In addition, loss of function mutations in kgb-/ and
mek-1 attenuated degeneration of CEP and ADE neurons after 6-OHDA treatment in
hypersensitive #t7-3 mutants, but not in WT animals (Offenburger et al., 2018). To determine if
JNK signaling is necessary for CEP corpse engulfment, I examined kgb-/ and mek-1 mutant
strains after 6-OHDA exposure. Loss of kgb-1 seemed to protect CEP neurons from
degeneration, but did not prevent CEP corpse engulfment (Figure 3). In contrast, loss of mek-1
sensitized CEP neurons to 6-OHDA but also did not prevent the clearance of CEP neurons
(Figure 3). mek-1 (MAPKK) is known to act upstream of kgb-1 (MAPK) in response to heavy
metal stress or axon injury, so it is interesting to see a difference in responses to 6-OHDA.
However, this mutant strain of mek-1 is known to be tightly linked with a partial loss of function
mutation in sek-1, another MAPKK. sek-1 is known to be important for protection against
oxidative stress and bacterial infections (Andrusiak and Jin, 2016). Thus, the increased
susceptibility to 6-OHDA I see in mek-1(ks54) mutants could be due to the tightly linked sek-1
mutation. Nonetheless, my studies confirmed prior findings that MAPK signaling regulates 6-

OHDA toxicity in CEP neurons, as measured by my assay on corpse clearance.
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Figure 3. kgb-1 and mek-1;sek-1 mutants in 6-OHDA

(A) Percentage of CEP neurons 24 hours, 48 hours, or 72 hours after 50mM 6-OHDA exposure
in L3 WT, kgb-1(km21), or mek-1(ks54),sek-1(qd127) animals expressing the transgene vtls|.
Error bars = 95% confidence intervals. 2 biological replicates, each with 14-26 animals were
measured for WT animals for the 24h and 48h scores. Only one biological replicate was
measured for kgb-1 and mek-1;sek-1 animals and 72h WT animals. Total animals examined is

indicated above each bar. (n.s. p>0.05, *p<0.05, **p<0.01, ***p<0.001, Fisher’s exact test).

Human MEGF10 expression does not rescue ced-1 mutant defects

CED-1 an ortholog of human MEGF10 and MEGF11 (Suzuki and Nakayama, 2007).
Previous work has shown that MEGF 10 expression in C. elegans can partially rescue engulfment
defects in ced-1 mutant animals (Hamon et al., 2006). To determine if MEGF10 can rescue the
ced-1(el754) engulfment defects of CEP corpses after 6-OHDA exposure, I expressed human

MEGF10 under an epithelial and muscle specific promoter, dpy-7 and myo-3, respectively.
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Expression of MEGF 10 under either promoter was statistically non-significant compared to ced-
1(el754) mutants (Figure 4 A-B). Thus, human MEGF10 expression failed to rescue the ced-
1(el754) CEP corpse clearance defects (Figure 4 A-B).

One possibility is that human MEGF10 is unable to recognize phosphatidylserine without
the help of the complement component C1q which acts as an opsonin for MEGF10 during
synapse engulfment in mammals (Iram et al., 2016). C. elegans does not have orthologs for the
complement system. Indeed, a previous study found that MEGF10 could only partially rescue
ced-1 engulfment defects in C. elegans embryos (Hamon et al., 2006). In addition, while their
MEGF10:GFP fusion protein localized to cell surfaces, they also saw a punctate expression
pattern intracellularly suggesting an inability to efficiently localize MEGF10 to the outer plasma
membrane (Hamon et al., 2006). Thus, while MEGF10 and CED-1 are orthologs, both may
require species-specific chaperones for their correct localization and function.

A limitation of this experiment is that the human MEGF10 construct I used was not

codon-optimized to C. elegans, so it is possible that the expression of MEGF10 was very low.
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Figure 4. Epithelial and muscle MEGF10 do not rescue in ced-1(el754) mutants

(A) Percentage of CEP neurons 24 hours after S0mM 6-OHDA exposure in L3 WT, ced-
1(el754), and ced-1(el754); Ex[Pmyo-3:MEGF10] animals expressing the transgene vtls/. Error
bars = 95% confidence intervals. Only one biological replicate for WT was measured. 2
biological replicates were measured for all other animals with 21-25 animals per replicate. Total
animals examined is indicated above each bar. (n.s. p>0.05, ****p<0.0001, Fisher’s exact test).
(B) Percentage of CEP neurons 24 hours after 50mM 6-OHDA exposure in L3 WT, ced-
1(el754), and ced-1(el754);Ex[Papy-7:MEGF10] animals expressing the transgene vt/s/. Error
bars = 95% confidence intervals. Only one biological replicate for WT was measured. 2
biological replicates were measured for all other animals with 23-26 animals per replicate. Total
animals examined is indicated above each bar. (n.s. p>0.05, **p<0.01, ***p<0.001,

*#%%p<0.0001, Fisher’s exact test).

CED-1 expresses on PDE dopamine neurons

While examining the expression pattern of CED-1:GFP around mCherry-labeled CEP
neurons, I noticed that both PDE neurons showed CED-1:GFP expression around their somas
and projections (Figure 5 A-B). I saw this expression in animals without 6-OHDA exposure, so it
was not a response to degeneration or stress. Previous studies in mice have identified several
neurons that express MEGF 10 in the central nervous system (Fujita et al., 2017). In the retina,
star amacrine cells express MEGF 10 for proper positioning during development (Kozlowski et
al., 2024). Glutamatergic and cholinergic neurons in the cortex, hippocampus, and substantia
nigra also express MEGF10, but its function remains unclear (Fujita et al., 2017). The role of

CED-1 in PDE neurons is unknown and would be an interesting topic for future study.

95



PDE neurons CED-1:GFP
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Figure 5. CED-1 localizes to PDE somas and projections

(A-B) Images of cytosolic mCherry-labeled dopaminergic PDE neurons (magenta) and CED-
1:GFP (green) in smls34;0tls181 animals. Scale bars, 5 um. (A) CED-1:GFP localizing around
both PDE neurons in an L4 animal. Arrows indicate PDE cell somas. 100x magnification, single-
z slice. (B) CED-1:GFP localizing around a single PDE neuron and along its projection in an L4
animal. Arrow indicates the PDE cell soma. Arrowheads indicate areas of colocalization along

PDE neuron projection. 100x magnification, max z-projection.
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CEPsh ablation protects CEP neurons in L1-arrested animals after 6-OHDA exposure

I previously showed that CEPsh glia ablation protects CEPD neurons after 6-OHDA
treatment in L3 animals. I also found that CEPD neurons in L1-arrested animals treated with 6-
OHDA are also protected against 6-OHDA (Figure 6 A). Thus, CEPsh glia ablation is protective

across different animal stages.
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Figure 6. CEPsh glia ablation protects CEP neurons in L1-arrested animals

(A) Percentage of CEPD neurons 24 hours, 48 hours, or 72 hours after 5S0mM 6-OHDA exposure
in L1 WT or nsls180 (CEPsh ablated) animals expressing the transgene v¢ls /. Error bars = 95%
confidence intervals for 2-5 biological replicates each with 10-26 animals per condition. Total
animals examined is indicated above each bar. (****p<0.0001, Fisher’s exact test). The WT for

these experiments is shared with the WT in Figure 1.

KCC-3 protects against 6-OHDA degeneration
KCC-3 is a K+/CL- co-transporter expressed in many sheath glia including the CEPsh
glia (Purice et al., 2023; Ray et al., 2024; Singhvi et al., 2016). To understand how CEPsh glia

97



ablation protects CEP neurons, I wondered if KCC-3 played a role in this process. Interestingly,
loss of kcc-3 slightly protects CEP neurons from 6-OHDA exposure (Figure 7 A). The function
of KCC-3 in the CEPsh glia remains unknown; however, KCC-3 in the amphid sheath glia is
known to regulate both chemosensory and thermosensory behaviors (Ray et al., 2024; Singhvi et
al., 2016). Thus, one possibility is that KCC-3 in CEPsh glia may also function to regulate CEP

neuron function, and disrupting CEP function could drive either protection or sensitivity to 6-

OHDA.
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Figure 7. Loss of kcc-3 slightly protects against 6-OHDA treatment

(A) Percentage of CEP neurons 24 hours or 72 hours after 50mM 6-OHDA exposure in L3 WT
or kcc-3 animals expressing the transgene v#ls . Error bars = 95% confidence intervals for 2
biological replicates with 26 animals per replicate. Total animals examined is indicated above

each bar. (*p<0.05, **p<0.01, Fisher’s exact test).
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UNC-13 protects CEP neurons while UNC-31 promotes CEP degeneration

The causal relationship between synaptic dysfunction in dopamine neurons and PD
remains unknown. To test how synaptic vesicle and dense-core vesicle release impacts 6-OHDA
toxicity, I examined animals mutants for unc-13 and unc-31 which are necessary for synaptic
vesicle and dense-core vesicle release, respectively. I hypothesized that loss of either gene would
protect CEP neurons from 6-OHDA toxicity by reducing neuronal activity. While loss of unc-31
protects CEP neurons from degeneration, loss of unc-13 sensitizes CEP neurons to 6-OHDA
exposure (Figure 8 A). These results suggest that proper synaptic vesicle release is necessary for
neuronal health. Thus, the synaptic dysfunction seen in PD could be a driver of degeneration
rather than a compensatory mechanism for neuronal loss. Little is known about dense-core
vesicle release and its impact on Parkinson’s disease; however, my work suggests that dense-core
vesicles may carry signals that can promote neurotoxicity. Interestingly, dopamine can be
released in both synaptic vesicles and dense-core vesicles. How synaptic vesicles and dense-core

vesicles impact Parkinson’s disease will be an interesting and important topic of study.
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Figure 8. unc-13 protects while unc-31 promotes 6-OHDA degeneration

(A) Percentage of CEP neurons 24 hours or 72 hours after 50mM 6-OHDA exposure in L3 WT,
unc-13, or unc-31 animals expressing the transgene vtls/. Error bars = 95% confidence intervals
for 3-5 biological replicates with 22-26 animals per replicate. Total animals examined is

indicated above each bar. (***p<0.001, ****p<0.0001, Fisher’s exact test).

DYF-11 promotes CEP degeneration

CEP dendrite endings are comprised of cilia that pass through a channel made by the
CEPsh glia and CEP socket glia before embedding into the cuticle at the nose-tip of the animal
(Figure 9 A-A’). I noticed that in CEPsh ablated animals, CEP dendrites do not embed correctly
into the cuticle (Figure 9 B-B’). In addition, while each neuron maintains a cilia, it appears
misshapen (Figure 9 B’). To test if CEP cilia are necessary for 6-OHDA toxicity, I examined
animals mutants for dyf-11, a gene important for proper cilia function. dyf-11/(mn392) animals
appear to have shortened and misshapen CEP cilia (Figure 9 C-C’). When exposed to 6-OHDA,
dyf-11(mn392) animals showed protection against 6-OHDA as most CEP neurons maintained
their non-rounded morphology (Figure 9 D). One possibility is that CEP neurons with disrupted
cilia compensate by altering dat-1 expression. A recent study found that loss of the ciliary protein
BBS-1 reduced DAT-1 expression and protects against 6-OHDA exposure (Refai et al., 2024).
Thus, loss of ciliary function in dyf-1/ mutants is neuroprotective against 6-OHDA toxicity

possibly by altering DAT-1 expression levels.
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Figure 9. Role of cilia on CEP degeneration
(A-C) Images of CEP neuron dendrites in (A) WT, (B) CEPsh Ablated, and (C) dyf-11(mn329)
animals expressing the vtlsi[dat-1p::GFP + rol-6(sul 006)] transgene. Scale bar, Sum. 60x

magnification, max z-projection. (A’-C’) Insets from (A-C) showing the cilia of the CEP
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dendrites. Arrows point to a single CEP dendrite cilia. (A’) Cilia in WT animals correctly extend
and embed into the cuticle at the nose tip of the animal. (B’) Cilia in CEPsh glia do not extend
into the cuticle. Arrowheads indicate the area where cilia would normally embed into the cuticle.
(C’) Cilia in dyf-11 mutants can extend into the cuticle but are shorter or appear punctate. (D)
Percentage of CEP neurons 24 hours or 72 hours after S0mM 6-OHDA exposure in L3 WT or
dyf-11 animals expressing the transgene vt¢ls/. Error bars = 95% confidence intervals for 2-3
biological replicates with 26 animals per replicate. Total animals examined is indicated above

each bar. (****p<0.01, Fisher’s exact test).

dat-1 promoter expression is reduced in CEPsh ablated animals

6-OHDA enters dopamine neurons through the dopamine transporter DAT-1 to cause
neurotoxicity (Nass et al., 2002). When examining CEP neurons in CEPsh ablated animals using
the vtls1[Paar-1: GFP] transgene, I noticed that their CEP neurons appeared dimmer when
compared to WT animals (Figure 10 A-B). Indeed, when measuring the GFP expression in CEPD
neurons of WT and CEPsh ablated animals, CEPsh ablated CEPD neurons have reduced GFP
expression when compared to WT CEPD neurons (Figure 10 C). Whether this reduction in dat-1
promoter activity leads to reduced levels of DAT-1 protein is unclear and would be an important

follow-up experiment that can be tested with a western blot or quantitative fluorescence imaging.
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Figure 10. Decrease in Pu..1:GFP expression in CEPsh ablated animals

(A-B) Images of CEPD neuron somas in (A) WT and (B) CEPsh Ablated animals expressing the

vtlsl[dat-1p::GFP + rol-6(sul006)] transgene. Scale bar, 2um. 60x magnification, max z-

projection. (C) The Corrected Total Cell Fluorescence was measured from CEPD neurons in (A)

WT and (B) CEPsh ablated animals. Mean + SD plotted for 19 (WT) and 20 (CEPsh Ablated)

animals — both CEPD from each animal were measured and plotted (**p<0.01, Mann-Whitney

Test).
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C. elegans methods and strains

C. elegans were cultured as previously described (Brenner, 1974; Stiernagle, 2006). Bristol N2

strain was used as wild type. Animals were raised at 20°C for two weeks without starvation.

Germ-line transformations by micro-injection to generate unstable extra-chromosomal array

transgenes were carried out using standard protocols (Mello et al., 1991). Strains used in this

chapter are listed below:

N2 Bristol
TG2435
ASJ964
ASJ208
ASJ209
ASJ78
ASJ257
ASJ258

ASJ1470
ASJ1509
ASJ1506
ASJ484

ASJ574

ASJ1078
ASJ1496
ASJ1501

WT strain

vtlsl [dat-1p::GFP + rol-6(sul006)] V

vtlsl V; dyf-11(mn392) X

ced-1(el754) I; vtIsl [dat-1p::GFP + rol-6(sul006)] V

psr-1(tm469) 1V, vtlsl [dat-1p::GFP + rol-6(sul006)] V

ced-10m1993) IV; vtlsl[dat-1p::GFP + rol-6(sul 006)] V
vtlsl[dat-1p::GFP + rol-6(sul006)] V; dyn-1(ky51) X

nsls180 [Phlh-17:split-Caspase + coel:GFP] IV; vtls1 [dat-1p::GFP +
rol-6(sul006)] V

kcc-3(0k228) I1; vtlsl [dat-1p::GFP + rol-6(sul006)] V

kgb-1 (km21) IV, vtIsl [dat-1p::GFP + rol-6(sul006)] V

vtlsl [dat-1p::GFP + rol-6(sul006)] V; mek-1(ks54) sek-1(qd127) X
otls181[dat-1::mCherry + ttx-3::mCherry] IlI; smis34[ced-1p::ced-1::GFP +
rol-6(sul006)]

unc-13(e51) I; vtlsl V

unc-31(e928) 1V, vtlsl V

dnaEx666[Pdpy-7:MEGF10:SL2:mKate2]; ced-1(el754) I; vtIsl V
dnaEx670[Pmyo-3:MEGF10:SL2:mKate2 + coel:RFP]; ced-1(el754) I;
vtlsl V
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Plasmids

The human MEGF10 cDNA was ordered from SinoBiological (HG16064-UT). To generate the
body wall muscle MEGF 10 rescue construct, MEGF10 was PCR amplified and cloned into
ASJI356 (Ppyo-3:CED-1A:SL2:mKate2) using Ascl/Nhel restriction sites to generate ASJ600/655
(Pmyo-3:hMEGF10:SL2:mKate2); ASJ600 was injected into vtlsi,; ced-1(el754) worms at

20ng/pL with 20ng/uL of Puuc-122:RFP as a co-injection marker.

To generate the epithelial MEGF10 rescue construct, Pgy,,.7 was restriction digested from ASJ157
(Papy-7:CED-1A:SL2:mKate2) using Sphl/Notl restriction sites and cloned into ASJ600 to
generate ASJ601/602 (Pgpy-7-hMEGF10:SL2:mKate2); ASJ601 was injected into vtlsi, ced-

1(el754) worms at 20ng/puL.

6-hydroxydopamine treatment

Treatment with 6-hydroxydopamine was done as previously described with modifications (Nass
et al., 2002; Offenburger et al., 2018a). 10 gravid adult worms were picked off a mixed
population 6¢m plate and placed into a well of a 96-well plate containing 70uL. of M9 buffer.
Worms were left shaking overnight (~18-24 hours) at 500 RPM on a plate shaker. This would
allow any eggs that were laid by the gravid adult animals to hatch and arrest at the L1 stage. The
next morning, 30uL of the hatched worms were added to a separate 96-well plate with 10uL of
200mM L-ascorbic acid (Sigma CAS #50-81-7) and then 10uL of a 5x 6-OHDA stock (Sigma
CAS #28094-15-7) was added to a final volume of 50 puL (or L-Ascorbic acid alone as control).
The plate was shaken on a horizontal shaker for 1hr at 500 RPM, after which 150uL of M9 was

added to each well to oxidize the 6-OHDA and stop the reaction. Worms were then transferred
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using a glass pipette to an OP50 seeded plate and left uncovered for 5-10 minutes in a fume hood
to dry. At this point, adults or eggs that were accidentally transferred are picked off to ensure
only L1-arrested animals remain. Plates were then covered and incubated at 20°C. 6-OHDA
treatments in .3 animals were done as previously described in Chapter 2.

In all paradigms, I exposed staged animals to a given concentration of 6-OHDA for 1
hour and examined CEP neurons via fluorescent reporters for changes in morphology as a basis
for degeneration. CEP neurons were then scored for clearance 24 hours, 48 hours, and 72 hours
after 50mM 6-OHDA treatment. CEP neurons were visualized using the v¢ls/ or otls181
transgenes expressing GFP or mCherry under the dat-1 promoter, respectively, as noted
(Bertrand and Hobert, 2009; Nass et al., 2002). CEP neurons were scored for intact and visible
cell bodies. CEP neurons were scored as (1) non-rounded if the cell body was visible and
maintained its gross shape, (2) rounded if the cell body was visible but looked rounded or
spherical, or (3) missing if there was no cell body visible or detectable fluorescent signal. Percent
of CEP neurons visible were calculated against total number of CEP neurons expected (4 per

animal).

Microscopy

Worms were immobilized on 2% agar pads using 1% tetramisole hydrochloride (Sigma CAS
#16595-80-5) dissolved in M9 buffer. Images were acquired on a Deltavision Elite RoHS wide-
field deconvolution system with Ultimate Focus (GE), a PlanApo 60%/1.42 NA or OLY
100%/1.40 NA oil-immersion objective and a DV Elite CMOS Camera. Images were processed

using Imagel, F1JI.
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Fluorescence Intensity Quantification

Images for fluorescence intensity measurements were taken on the same day using random
sampling at 32% T with an exposure time of 0.001172 seconds. Raw images were deconvolved
and then sum Z-projected before taking fluorescence measurements. We used ImageJ FIJI for all
fluorescence measurements. For the Pdat-1:GFP experiments, an ROI was drawn around a
CEPD soma, and two smaller ROIs were carefully drawn in the area between the pharyngeal
bulbs to take 2 background measurements. The Integrated Density was measured for each ROI.
The corrected total cell fluorescence (CTCF) for each animal was calculated by subtracting the
background integrated density from the integrated density of the tissue-specific ROI for each

cell.

Statistical Analysis
All statistical analysis was performed using GraphPad Prism 11. To evaluate changes in CEP
neurodegeneration, a Fisher’s Exact Test was used. To compare changes in fluorescence

intensities, the non-parametric Mann-Whitney test was used.
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Chapter 4

DISCUSSION

This thesis has focused on understanding the role of glia, muscle, and epithelial cells in
the degeneration and clearance of dopaminergic neurons in C. elegans Parkinson’s disease
models. In Chapter 1, I reviewed previous literature to provide context on our current knowledge
on how phagocytosis mechanisms and non-neural tissues impact PD degeneration. In Chapter 2,
I discuss a submitted manuscript that details how epithelial and muscle cells engulf degenerating
dopaminergic CEP neurons via the engulfment receptor CED-1 and how the CEPsh glial cells are
neurotoxic to CEP neurons. Finally, in chapter 3 I describe experiments that examine the
neuroprotective or degenerative roles of candidate genes in 6-OHDA degeneration of CEP
neurons.

In this Chapter, I expand on these findings and contextualize them with the current
knowledge in the field. I further discuss pressing questions, future experimental directions, and
the implications of these findings in the broader scientific world. Some segments of this

discussion are published in Rojas et al (JCB, in review, 2025) and merged with additional points.

Epithelia and muscle impact PD neurodegeneration

While PD has broad CNS and PNS involvement, and PD genes can be broadly expressed,
roles of non-neuronal cells remain underexplored in PD. My work reveals epithelia and muscle
as phagocytes for degenerating CEP neurons. While their roles as phagocytes is not yet
implicated in PD, both cell types can act as phagocytes in other contexts: both epithelia and

muscle engulf axon debris post-injury and developmentally apoptotic cells in C. elegans (Chiu et
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al., 2018; Hsieh et al., 2012; Nichols et al., 2016; Reddien and Horvitz, 2004); Drosophila
muscle engulf presynaptic debris at the NMJ (Fuentes-Medel et al., 2009); and zebrafish skin
Langerhans cells engulf axon debris (Peterman et al., 2023). Thus, a role for epithelial and
muscle cells as phagocytes appears to be conserved across species. In PD, skin epithelial a-
synuclein levels are used as diagnostic biomarkers, and clinical and animal model studies show
skeletal muscle atrophy and increased intramuscular a-synuclein (Gibbons et al., 2024; Yang et
al., 2023). How either cell type accumulates a-synuclein or how this impacts PD progression in
humans awaits inquiry. It would be interesting to explore how a-synuclein expression in C.
elegans epithelia and muscle affect their ability to phagocytose. Several studies indicate that a-
synuclein oligomers can inhibit microglial phagocytosis (Joers et al., 2017; Tremblay et al.,
2019). In addition, astrocyte uptake of a-synuclein can lead to lysosome dysfunction, suggesting
that engulfing a-synuclein may disrupt phagolysosome functioning (Tremblay et al., 2019).
Whether these disruptions in phagocytic activity are detrimental to dopamine neurons remains

unclear.

CED-1/MEGF10 regulates neurodegeneration and corpse clearance in PD models

CED-1 orthologs Draper and MEGF 10 engulf AP in Alzheimer’s models in flies and in
cell culture and they regulate glial pruning in development (Chung et al., 2013; Hong et al.,
2016; Ray et al., 2017; Singh et al., 2010). However, phagocytic receptors that clear
degenerating dopamine neurons in Parkinson’s disease had not been identified (Tremblay et al.,
2019). My work reveals the conserved CED-1/MEGF10/Draper as the phagocytic receptor in
both 6-OHDA and a-synuclein C. elegans models of PD. Loss of ced-1 blocks dopamine

neurodegeneration after neurotoxic insult and protects some dopamine-driven animal behaviors.
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Our results also indicate that CED-1 driven phagocytosis may exacerbate neuron death by
“assisted” suicide or phagoptosis. Previous studies have proposed phagoptosis as a mechanism
for dopaminergic death in PD, but such a mechanism has not yet been reported for PD to our
knowledge (Brown and Neher, 2014). However, my work is reminiscent of developmental
apoptosis in C. elegans where engulfment similarly aids cell death (Hoeppner et al., 2001;
Johnsen and Horvitz, 2016; Reddien et al., 2001).

How CED-1 drives cell death of engulfed neurons remains unclear. Previous work has
shown that during development, CED-1 can drive an unequal segregation of apoptotic potential
in dividing cells such that the cell destined to die has increased CED-3 expression (Chakraborty
et al., 2015). Thus, CED-1 recruitment to dying CEP neurons may increase CED-3 expression.
However, given that CED-3 mutations do not affect CEP degeneration after 6-OHDA exposure,
this is not likely (Nass et al., 2002). Another possibility is that CED-1 recruitment drives necrotic
or autophagic cell death mechanisms in CEP neurons. My work found that loss of ANOH-
I/TMEMI16F partially protected CEP neurons from degeneration suggesting a necrotic-like
mechanism that mediates PS exposure. In combination with previous work showing that loss of
CED-3 and CED-4 have no effect on CEP degeneration after 6-OHDA exposure, my work
suggests that CEP neurons degenerate in a necrotic-like fashion (Nass et al., 2002). Interestingly,
a missense mutation with enhanced TMEM16F scramblase function was identified in an
Ashkenazi Jewish PD population, and TMEMI16F lesions in cell culture exhibit reduced PS and
a-synuclein spread (Cohen-Adiv et al., 2024). Thus, a potential model could be that ANOH-1-
dependent PS exposure recruits CED-1 to trigger engulfment, thereby driving spread of a-

synuclein into the phagocytic cell. In addition to necrotic death, it is possible that autophagic cell
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death mechanisms are also at play since previous work showed that inhibiting autophagy in CEP
neurons protected them against 6-OHDA (Donato et al., 2025).

CED-1 has also been shown to regulate innate immune signaling pathways. ced-1 loss
can both protect animals against pathogenic bacteria via PMK-1/MPK-1 signaling or enhance
infection by downregulating the unfolded protein response (Haskins et al., 2008; Wan et al.,
2021). PMK-1 signaling has been shown to regulate protective responses to oxidative stress
(Andrusiak and Jin, 2016). In addition, CED-1 mediated clearance of axonal debris by muscle
cells required the JNK signaling molecules mlk-1 and mek-1 (Chiu et al., 2018). Previous work
showed no effect of pmk-1 or kgb-1 mutations on ADE and CEP degeneration after 6-OHDA
exposure; however, in that study they scored ADE and CEP together rather than looking at
effects on CEP or ADE cells alone (Offenburger et al., 2018a). My preliminary work suggests
that KGB-1 drives CEP degeneration while SEK-1 protects CEP neurons. SEK-1 is known to act
upstream of PMK-1 to regulate oxidative stress responses (Andrusiak and Jin, 2016). Thus, loss
of CED-1 may protect CEP neurons by upregulating anti-oxidative stress genes such as PMK-1,
SEK-1, or SKN-1.

In addition, my finding that over-expressing CED-1 in epithelia but not muscle
exacerbates CEPD and CEPV degeneration implies a non-cell autonomous mode of signaling.
Given that epithelia cells could only engulf CEPV neurons, it is surprising that CED-1
overexpression in epithelia also drives degeneration in CEPD neurons. Given these, |
hypothesize a two-step mechanism of action: CED-1 is first recruited to dying CEP neurons by
rate-limiting PS. This recruitment signals back to degenerating CEP neurons to regulate
autophagic or necrotic signaling to aid in the killing of the neuron. Subsequent downstream

signaling through CED-1 aids both the clearance of CEP corpses via engulfment and the
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facilitation of neuron-death through SEK-1/PMK-1/SKN-1 MAPK signaling in the epithelia. In
the future, I can test these ideas by looking at double mutants of ced-1 with pmk-1, sek-1, and
skn-1. 1 hypothesize that these double mutants would have persisting cell corpses but would have
levels of degeneration similar to or higher than WT animals. In the future it would be interesting
to examine whether activation of MAPK signaling is used to protect or to promote the
degeneration of neurons in the context of PD and whether this is conserved throughout animals.

Whether MEGF 10 activation in astrocytes mediates immune signaling or MAPK
signaling is unknown. In mammalian systems, astrocytes communicate extensively with
microglia to modulate the release of cytokines and neuromodulators (Tremblay et al., 2019).
Microglial phagocytosis also appears to require p38 MAPK signaling (Tanaka et al., 2009). Thus,
one possibility is that astrocytes use MEGF10 to survey for neuronal stress or damage and this in
turn causes increased microglial activation and phagocytosis. Indeed, in Drosophila, axonal
injury induces glial activation through Draper and subsequently JNK signaling to mediate axon
debris engulfment and Draper upregulation (Lu et al., 2017). My preliminary findings on kgb-/
and mek-1,sek-1 show that JNK signaling may be dispensable for corpse engulfment but is
necessary for mediating protective or toxic responses. However, I find that ced-1 expression
levels do not change in response to 6-OHDA toxicity.

My work also suggests that CED-1 clustering and not CED-1 expression levels mediates
CEP degeneration and clearance. How is CED-1 recruited to degenerating CEP neurons? Recent
studies have shown that CED-7 and CED-6 work redundantly to correctly localize CED-1 to the
plasma membrane (Harders et al., 2024). In addition, CED-1 clustering around apoptotic corpses
is regulated by CED-7 as ced-7 mutants are unable to cluster CED-1 around apoptotic corpses

(Zhou et al., 2001). Interestingly, the intracellular domain of CED-1 is not necessary for its
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clustering, whereas loss of its extracellular domain results in diffuse CED-1 expression and no
clustering around cell corpses (Zhou et al., 2001). Altogether, I believe that the interactions
between the extracellular domain of CED-1 with PS mediates the clustering around degenerating
CEP neurons. To test this idea, I could perform cell rescue experiments with a truncated form of
CED-1 which lacks its intracellular or extracellular domains and examine its clustering around
degenerating CEP neurons. I suspect that only CED-1 missing its extracellular domain will be
unable to cluster around CEP neurons. These experiments will also help to determine whether the
intracellular domain of CED-1, which is known to be necessary for the engulfment of cell
corpses, is also necessary for the engulfment and degeneration of CEP neurons. Interestingly, the
CED-1 orthologs, MEGF10 and MEGF11, are known to act as adhesion molecules (Suzuki and
Nakayama, 2007). CED-1 is also posited to have adhesion-like properties that help severed
axons regenerate (Chiu et al., 2018). Thus, I hypothesize that PS-CED-1 interactions help
stabilize CED-1 at the plasma membrane through its adhesive properties. CED-1 then initiates a
signaling cascade through CED-6 and CED-7 to both recruit more CED-1 and promote
engulfment. In future studies, it will be interesting to examine whether loss of CED-6 or CED-7
prevents the clustering of CED-1 in the context of CEP degeneration.

How MEGF10 clusters to engulf neurons is unknown. Studies in Draper found that, in
contrast to CED-1, the intracellular region was necessary for clustering around PS (Williamson
and Vale, 2018). Both MEGF 10 and Draper share similar intracellular protein domains such as
an ITAM domain that is absent in CED-1 (Vargas-Franco et al., 2022). Thus, MEGF10 may
require intracellular signaling and phosphorylation to mediate its clustering. In future studies, it
would be interesting to perform site-direction mutagenesis in MEGF 10 models to understand

how its intracellular and extracellular domains mediate its clustering.
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In addition to being expressed in astrocytes, MEGF10 is also expressed in muscle
satellite cells (Holterman et al., 2007). In muscle satellite cells, MEGF10 is important for
myogenesis and muscle cell regeneration possibly through Notch signaling (Holterman et al.,
2007; Li et al., 2021; Richardson et al., 2025; Saha et al., 2017). In fact, biallelic mutations in
MEGF10 cause the severe myopathy EMARDD (early myopathy, areflexia, respiratory distress
and dysphagia) in humans (Croci et al., 2022). The physiological roles of MEGF10 and how
mutations in it can cause EMARDD are currently being studied. Recent work has shown that
MEGF10 is also expressed in perisynaptic Schwann cells and is highly localized to
neuromuscular junctions (NMJs)(Juros et al., 2024). Loss of MEGF10 in mice caused
perisynaptic Schwann cell migration into the synaptic cleft of the NMJ which is known to cause
instability of the junction (Juros et al., 2024). In light of my findings, whether these Schwann
cells use MEGF10 to engulf or promote the degeneration of motor neurons or muscle cells at
NMJs would be an interesting follow-up study. In fact, sarcopenia, or the progressive decline of
muscle mass and function, is common in patients with PD (Gui et al., 2025). Whether this
sarcopenia is due to disruptions in MEGF10 functioning at NMJs or in perisynaptic Schwann

cells would be interesting to study.

Glial control of activity and degeneration of dopamine neurons

We found that C. elegans astrocyte-like CEPsh glia actively react to CEP neuron stress
post 6-OHDA insult. They also regulate dopamine levels, primarily via the rate-limiting enzyme
cat-2/tyrosine hydroxylase, which impairs dopamine-related behavior when CEPsh glia are
ablated but protects CEP neurons against neurotoxic and genetic insult. Thus, in addition to

validating a neuroprotective role for CAT-2/TH, we find that glia are neurotoxic to dopamine
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neurons. Together, this provides mechanistic insight into how astrocyte-like glia respond to
neurotoxic insults. In humans, L-DOPA supplementation is the “gold standard” treatment for
Parkinson’s disease. However, the role of L-DOPA or CAT-2/TH in mediating protection or
degeneration of dopamine neurons remains contentious (Lipski et al., 2011). Here we show a
potential neuroprotective effect of L-DOPA synthesis for both toxin- and a-synuclein-induced
degeneration by upregulating cat-2/TH suggesting a shared underlying mechanism of protection.

Whether the protection seen in a-synuclein overexpression is also due to cat-2 is an
important follow-up experiment for future studies. How CEPsh glial cells regulate the expression
of cat-2 in dopamine neurons remains unknown. One possibility is that loss of CEPsh glia
disrupts synaptic connectivity between CEP neurons and other neurons in the nerve ring.
Changes in synaptic connectivity could then lead to compensatory changes in dopamine
synthesis gene expression. To test this idea, future studies could visualize CEP synapses in WT
and CEPsh ablated animals using a known pre-synaptic marker such as CLA-1. Another
possibility could be that the inability for CEP neurons to properly embed their cilia into the
cuticle in CEPsh ablated animals could disrupt dopamine signaling. A recent study demonstrated
that the ciliary protein BBS-1 regulates dopamine signaling through DAT-1 expression regulation
(Refai et al., 2024). One way to test this idea would be to measure cat-2 expression levels in
whole animal dyf-11 cilia mutants and in CEP-targeted knockdown of dyf-11.

We were surprised to find GFP aggregations in CEPsh glia following 6-OHDA treatment.
To my knowledge, CEPsh glia do not express DAT-1 or CAT-1 transporters, so it is unlikely that
6-OHDA has entered the CEPsh glia in that manner. Thus, how CEPsh glia are sensing the
degeneration from CEP neurons is unclear. Interestingly, CEPsh glia also express CED-1 (Purice

et al., 2023). One tantalizing possibility is that CEPsh glia use CED-1 to monitor for exposed PS
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as a sign of neuronal stress. To test this idea, I could examine GFP aggregation in CEPsh glia in
ced-1 mutants following 6-OHDA exposure. In this case, | would expect to see no increase in
GFP aggregation.

In my thesis work, I also found that loss of the glutamate transporters GLT-1 and GLT-3
result in increased degeneration of CEP neurons possibly through increased glutamate signaling
onto CEP neurons. Previous work has shown that increased glutamate signaling can induce
degeneration of CEP neurons (Gibson et al., 2018). In addition, dysregulation of glutamate
synthesis is thought to be a potential driver of dopaminergic degeneration in PD (Iovino et al.,
2020). My thesis work supports this idea of glutamate excitotoxicity. However, in contrast to
other studies, I did not see a decrease in glutamate transporter expression following 6-OHDA
treatment (Pajarillo et al., 2019). One possible explanation is that I only examined their
expression 24h after 6-OHDA treatment. It would be interesting to see if there are changes in
gene expression at later time points. However, if our results hold true, it implies that glutamate
antagonists could be a potential therapeutic avenue for slowing down the degeneration of
dopamine neurons in the substantia nigra in PD. Indeed, one clinical study showed that use of a
weak NMDA receptor antagonist improved the survival of patients with PD (Uitti et al., 1996).
However, global blockade of glutamate signaling can lead to adverse side-effects (Zhang et al.,
2019b). Thus, in future studies, it would be interesting to evaluate the protective effects of
glutamate antagonists that target other glutamate receptors that may be specific to those

expressed in the substantia nigra.
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Limitations

Using C. elegans to study dopamine degeneration in PD presents a few limitations. First,
C. elegans do not natively express a-synuclein. In addition, it remains unclear if the
neurodegenerative effects of a-synuclein in C. elegans are mechanistically similar to the
neurodegenerative effects in humans or other model systems. Second, my studies focused
primarily on the larval stages of C. elegans. However, PD is a disease that is associated with
aging. Thus, by looking at larval stages, we do not consider the effect of aging on dopamine
degeneration. It would be interesting to investigate whether older animals are susceptible to 6-
OHDA and if the phagocytic capabilities of the epithelia or muscle are impacted in older
animals. Finally, while C. elegans dopamine neurons regulate locomotion behaviors similar to
dopamine neurons in humans, we are unable to study how loss of these neurons may impact non-
motor behaviors such as anxiety and depression. Thus, studies of PD in C. elegans may be
limited to understanding just the cellular and molecular effects on dopamine neurons and its
surrounding tissues.

While my studies demonstrated a role for epithelia and muscle in engulfing CEP neurons,
we cannot rule out the involvement of other cell types such as the pharynx or nearby neurons in
engulfing the degenerating CEP neurons. Indeed, previous work has shown that neurons also
express MEGF10, and I show that PDE neurons also express CED-1 (Fujita et al., 2017). In
addition, there is CED-1 expression in several tissues surrounding the CEP neurons that may be
neuronal (Zhou et al., 2001). However, whether these neurons are using these receptors to engulf
other cells remains unclear.

Finally, I show that CED-1 overexpression in epithelia but not muscle can promote CEP

degeneration to levels higher than wildtype. However, these overexpression lines are in the form
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of extrachromosomal arrays meaning that the level of expression per animal and per cell type can
vary. Thus, one possibility is that the amount of CED-1 expressed in the muscle was not high
enough to drive degeneration but was sufficient to promote engulfment. To test this idea, I could
inject a higher concentration of CED-1 under the myo-3 muscle promoter. Likewise, I could

reduce the expression of CED-1 in epithelia as a corollary experiment.

Conclusions
In conclusion, my dissertation work makes the following contributions to the field:
1) the identification of CED-1 as the engulfment receptor that mediates clearance of
degenerating dopamine neurons in two PD models in C. elegans
2) the identification of epithelial and muscle cells as the phagocytes that use CED-1 to
engulf the degenerating CEP neuron somas
3) CEPsh glia are neurotoxic by regulating cat-2/TH levels in dopamine neurons
4) CEPsh glia regulate cat-1/VMAT2 expression in CEP neurons
5) CED-I clustering around exposed phosphatidylserine in CEP neurons drives neuron
degeneration and clearance

6) CED-1 promotes the degeneration of CEP neurons

I believe my thesis work was fruitful and helped identify a phagocytic receptor that is
used to engulf degenerating dopamine neurons in two Parkinson’s disease models. In addition, I
provide evidence for the role of non-neuronal cells in the pathogenesis of Parkinson’s disease
neurodegeneration. My work then suggests that Parkinson’s disease may be a dysfunction in cells

of multiple organ systems rather than a dysfunction of just neurons in the brain. Thus, I believe
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that understanding how PD affects muscle and epithelial tissues in other tissues of the body will
be essential for developing new therapeutics and interventions. Just as the careful observations of
past scientists and medical practitioners helped us to gain insight into Parkinson’s disease and
glial functioning today, I hope my work will provide an opportunity for novel insights into

Parkinson’s disease and the role of glia in neurodegenerative disorders.
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