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genes and bioenergetics as a result of CD38 deficiency

Raymundo D Hernandez
ABSTRACT

Parkinson’s disease (PD) is the second most prevalent age-related neurodegenerative
disease and currently affects over 8 million people worldwide. The primary features of PD
include cognitive, behavioral, and motor function deficits induced primarily by the progressive
loss of dopaminergic neurons within the substantia nigra of the basal ganglia (BG). Motor
coordination becomes severely affected over the course of the disease, causing patients to
experience tremors at rest, bradykinesia, and body rigidity. The availability of treatment options
has increased the quality of life for patients experiencing the early stages of PD; however, there
exists no cure and treatment options are limited for those experiencing severe, advanced disease
symptoms.

Genetic studies in PD patients have led to the identification of causative genes, but
revealed that less than 20% of cases can be attributed to monogenic variations. Evidence strongly
indicates that the majority of PD cases are idiopathic and likely driven due to gene by
environmental interactions. Reflective of this idea, recent research efforts have turned to
genome-wide association studies (GWAS) to provide indications of gene variations, that while
not causative of PD, incur increased risk within patient populations. GWAS findings play a
particularly crucial role in neurodegenerative interventions, as early identification of patient risk
may allow for preventative therapeutics to delay disease onset or reduce symptom severity.

Amongst the many gene variants identified as incurring increased PD risk, single-
nucleotide polymorphisms (SNPs) in the loci for CD38 that cause reduced gene expression are
consistently identified as increasing risk. The cluster of differentiation 38 (CD38) protein serves
two major roles: one as a receptor for immunological response and a second as an ectoenzyme
that modulates bioenergetic functions. The particular functions of CD38 are highly relevant to
neurodegenerative contexts, as changes in central nervous system (CNS) inflammatory status and
means of cellular energy production typically precede pathological indications. In the brain,
CD38 expression is most enriched in astrocytes in BG regions, including substantia nigra,
midbrain, and striatum. However, it is not known how CD38 deficiency may contribute to
astrocytic dysfunction and neuropathological features of PD.

This dissertation describes how CD38 influences astrocytic gene expression and cellular
bioenergetics. Astrocyte RNA was sequenced from the BG of one-year old male Cd38*'*,
Cd38*", and Cd38”" mice by magnetic-activated cell sorting (MACS) to acquire astrocyte
isolates. Numerous differentially expressed genes (DEGs) were identified in Cd38 Cd38*" and
Cd38" astrocytes that relate to regulation of cellular health, responses to stress, and bioenergetic
functions. GO analysis further suggested mitochondrial dysfunction in both Cd38*" and Cd38"
astrocytes. In a subsequent set of experiments evaluating mitochondrial function by Seahorse
XF96 platform, Cd38* and Cd38” astrocytes displayed altered bioenergetic function.

The results herein demonstrate that astrocytic Cd38 expression regulates cellular function
and implicates transcriptional changes associated with the hallmarks of neurodegeneration.
These findings serve to provide future direction for studies evaluating the relationship between
CD38 function and astrocytes as it relates to neurodegenerative PD risk.
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GENERAL AUDIENCE ABSTRACT

Parkinson’s disease (PD) is the second most common age-related neurodegenerative
disease and currently affects over 8 million people worldwide. The primary features of PD
include cognitive, behavioral, and motor function deficits induced primarily by the progressive
loss of specialized neurons within the substantia nigra of the basal ganglia (BG) brain region.
Motor coordination becomes severely affected over the course of the disease, causing patients to
experience body tremors, slowness, and rigidity. The availability of treatment options has
increased the quality of life for patients experiencing the early stages of PD; however, there
exists no cure and little treatment options for those experiencing severe, advanced disease
symptoms.

Genetic studies in PD patients have led to the identification of causative genes, but
revealed that less than 20% of cases can be attributed to specific, individual variations. Evidence
strongly indicates that the majority of PD cases are likely caused by small gene changes that
interact with environmental factors. Recent research efforts have turned to genome-wide
association studies (GWAS) to identify these small changes, that while not causative of PD, may
increase risk within patient populations. GWAS findings play a particularly crucial role in
treating neurodegenerative diseases, as early identification of patient risk may allow for
preventative therapeutics to slow disease onset or reduce symptom severity.

Amongst the many small gene changes identified as increasing PD risk, changes in the
gene CD38 that cause reduced gene expression are consistently identified as increasing risk. The
cluster of differentiation 38 (CD38) protein serves two major roles: one as a receptor for immune
responses and a second as an enzyme that impacts how cells produce energy. The functions of
CD38 are highly relevant to neurodegenerative contexts, as changes in central nervous system
(CNS) inflammatory status and means of cellular energy production typically precede disease
pathology. In the brain, CD38 expression is most enriched in astrocytes, specialized brain cells
that supports neurons, in regions affected by PD. However, it is not known how CD38 deficiency
may contribute to astrocytic dysfunction and neuropathological features of PD.

This dissertation describes how CD38 influences astrocytic gene expression and cellular
bioenergetics. Astrocyte RNA was sequenced from the BG of one-year old male Cd38*"*,
Cd38*" (50% CD38 loss), and Cd38™ (100% CD38 loss) mice by magnetic-activated cell sorting
(MACS) to acquire astrocytes. Numerous changes in gene expression were identified in Cd38
Cd38* and Cd38™ astrocytes that relate to regulation of cellular health, responses to stress, and
energy functions. Further analysis looking at functions, suggested mitochondrial abnormalities
in both Cd38*"- and Cd38™ astrocytes. In a subsequent set of experiments evaluating
mitochondrial function by Seahorse XF96 platform, Cd38* and Cd38” astrocytes displayed
altered energetic function.

The results herein demonstrate that astrocytic Cd38 expression regulates cellular function
and implicates transcriptional changes associated with the hallmarks of neurodegeneration.
These findings serve to provide future direction for studies evaluating the relationship between
CD38 function and astrocytes as it relates to neurodegenerative PD risk.
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Chapter 1: Introduction
1.1 Parkinson’s disease

Parkinson’s disease (PD) is the second most common age-related neurodegenerative disease
(Tolosa et al., 2021) , affecting an estimated 8.5 million people worldwide (World Health
Organization, 2023) and costing over $50 billion dollars in economic burden within the United
States alone (Yang et al., 2020). The features of PD symptoms remain similar to those first
described by British physician James Parkinson in 1817 (Parkinson, 2002), namely resting
tremors, bradykinesia, and rigidity of the limbs. Today, it is recognized that PD is also associated
with cognitive deficits, behavioral changes, and the onset of dementia. The most common risk
factor in PD development is age, with people over the age of 60 having a 1% prevalence
rate(Tysnes & Storstein, 2017) which escalates to 3% prevalence by age 85 (Sontheimer, 2021).

The root cause of PD is due to the progressive cell death of dopaminergic (DA) neurons
within the substantia nigra (SN, Fig. 1a, (Poewe et al., 2017)) of the basal ganglia (BG), a region
containing neuronal populations that act as major regulators of motor function. Similar to other
neurodegenerative diseases, PD has been demonstrated to have a prodromal phase characterized
by physiological disturbances unrelated to the core of motor dysfunction. Namely, these pre-
motor symptoms include changes in bowel movements, cognitive flexibility, sleep behavior, and
olfaction (Fullard et al., 2017; Roos et al., 2022). As DA neurons degenerate, patients progress
through early PD stages indicated by the hallmarks of rigidity, tremors at rest, and bradykinesia.
The early symptoms can be treated by administration of levodopa, a dopamine substitute that
allows for conversion of additional dopamine to regulate motor regions. Eventually, levodopa
treatments become less effective during the moderate stage of DA cell loss and dyskinesia often

appears as an additional symptom. The severe stage of symptoms, characterized by significant



posture instability, gait cessation, dysphagia, and neuropsychiatric illness (Kalia & Lang, 2015),
is caused by further loss of DA neurons within the SN (Fig. 1b-d) that induce dysfunction of
brainstem and cortical pathways. Moderate and late stages may be treated by invasive means,

such as deep brain stimulation of BG systems; however, current treatments offer no cure.

a Control

Figure 1. Progressive loss of dopaminergic neurons is a pathological hallmark of PD.
Immunohistochemical staining of tyrosine hydroxylase, an essential enzyme in dopamine
generation, in the SN of human control (a, right) and PD patient (a, left) demonstrate a loss of
dopaminergic neurons. Severity of symptoms is often associated with the degree of cell loss,
indicted by hematoxylin and eosin staining, highlighting SN neurons (dark purple) in
asymptomatic (b), mildly symptomatic (c), and severely symptomatic (d) patient samples (Poewe
etal., 2017).

All PD treatments aim to reduce dysfunction of the BG systems, the series of coordinated
regions that requires DA neuronal inputs to integrate motor function signals (Fig. 2A). The BG
are a collection of distinct nuclei including the striatum (putamen, caudate nucleus), nucleus
accumbens, globus pallidus, subthalamic nucleus, and substantia nigra. At its core, motor

function requires a balance between the initiation of a motor response and an inhibition of

antagonistic responses in order to facilitate smooth, continuous movement. This is achieved



within the BG through utilization of DA neuronal inputs to drive an excitatory direct pathway
and inhibitory indirect pathway. DA neuronal inputs of the SN pars compacta (SNc) are crucial
for both initiating motor drive and regulating compensatory inhibition via dopamine release in
the striatum along the nigrostriatal pathway. SNc projections into the striatum activate resident
medium spiny neurons differentially dependent upon dopamine receptor subtype (D1, D2)
activation. In the simplest of terms, D1-type receptor stimulates the direct pathway for initiation
of movement while D2-type receptors drive suppressing of motor responses. Loss of DA neurons
of the SNc decreases activity of the excitatory direct pathway and shifts the balance in favor of

motor inhibition, resulting the cardinal symptom of bradykinesia (Fig. 2B).
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Figure 2. Schematic of PD effect on BG direct and indirect motor pathways. BG motor control
relies on a series of excitatory (pink) and inhibitory (grey) pathways. (A) DA neurons of the SN
pars compacta (SNc) act on D1 receptor cells to excite them along the direct pathway to initiate
motor behaviors and D2 containing cells to cause inhibition of competing motor tasks. (B) In PD,
DA loss results shifts balance towards the inhibitory indirect pathway, resulting in bradykinesia.
Globus pallidus internus (GPi) and externus (Gpe), subthalamic nucleus (SN) (Kandel et al., 2014).



Currently, it is believed that there are numerous pathological, genetic, and environmental
factors that contribute to the loss of DA cells in PD patients. The pathological accumulation of a-
synuclein in the brain is a common feature correlated with disease severity, however. In healthy
contexts, a-synuclein is believed to serve as a molecular chaperone to vesicle-associated
membrane proteins (VAMPSs) within the synapse to modulate vesicular binding and release
(Burré et al., 2010; Meade et al., 2019). It has been consistently observed in PD patient tissues
that a-synuclein presence is increased and aggregates into cytotoxic plaques termed Lewy bodies
(Braak et al., 2003). While identification of a-synuclein as a disease contributor has helped us
understand how DA neurodegeneration may occur, the association between Lewy bodies and cell
death was largely determined from patient tissues with familial forms of PD including gene
mutations associated with a-synuclein production, post-translation modification, and degradation
(Meade et al., 2019). In its entirety, however, familial PD caused by a single-gene variant
accounts for less than 20% of all cases (Balestrino & Schapira, 2020; Sellbach et al., 2006).
While relatively small to the total PD population, research surrounding these rare genetic
instances have proven crucial to our understanding which factors contribute to the progressive

loss of DA neurons of the SN.

1.2 Genetics and Parkinson’s

While the medical understanding of pathological and symptomatic features of PD are well
established, the disease etiology remains fairly elusive. Studies evaluating PD-causative genes,
however, have provided a stronger understanding of the biological mechanisms that underlie DA
neuronal susceptibility to degeneration. Within the last three decades, advances in our ability to

evaluate genomic variations have allowed for the identification of over 20 single-gene mutations



that are causative of PD (Blauwendraat et al., 2020; Ye et al., 2023). Additional studies
evaluating PD family history further demonstrates a strong genetic component, with up to 25%
of patients also having a family member with a diagnoses (Noyce et al., 2012; Sellbach et al.,
2006). Importantly, some gene mutations have demonstrably high disease penetrance (SNCA,
PINK1, PARK7, PRKN), while other are more variable (LRRK2, GBA1) dependent on the
specific variant type (Table 1). Regardless of the degree of penetrance, identification of causative
genes of monogenic PD demonstrates that many of the genes implicated in DA neuronal death
converge on the regulation of specific cellular features, namely mitochondrial and lysosomal
function. These determinations allow for potential development of novel treatments that help to
better regulate pathways disrupted while simultaneously providing information that may help us

understand functions relating to PD cases unrelated to familial monogenic cause.
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. Retromer and
VP535 Pﬁﬁﬂ; . AD Pathogenic Typical endosomal
! - trafficking
PINK1 PARKG AR Pathogenic Early-onset
PARK7 DJ-1 AR Pathogenic Early-onset Mitochondrial
PREN PT}%&LE'\:T AR Pathogenic Early-onset
PLAZGE [’!’?—,}}_{(4124’ AR Pathogenic Early-onset, atypical Cell membrane
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! AD = autosomal dominant, AR = autosomal recessive, HNGC = HUGO Gene Nomenclature Committee.
Table 1. Monogenic gene variants associated with PD risk organized by penetrance. Though
monogenic variants are rare, they provide valuable information relating to functional changes that
strongly influence PD pathogenicity (Day & Mullin, 2021).
The identification of pathogenic mutations is critical for understanding specific PD risk;
however, these monogenic causes do not make up the majority of cases. Strictly speaking, it is
believed that single-gene based PD cases make up less than 20% of diagnoses (Blauwendraat et

al., 2020; Ye et al., 2023). Idiopathic cases make up the greatest majority of cases, leading

research efforts to focus on genetic factors that, while not directly causative, pose increased risk



of pathogenicity. Genome-wide association studies (GWAS) are a method by which one may
assess genetic variations within a given population to derive genomic regions and changes
associated with the features of the group evaluated. In the field of PD research, GWAS datasets
have provided volumes of information used for additional meta-analyses for determinations of
risk genes associated with patient risk. For example, a recent GWAS meta-analysis utilizing
nearly 1.5 million samples from across 17 datasets identified over 300 total PD candidate genes
and 90 risk-associated loci, of which 38 were identified as novel (Nalls et al., 2019). Continued
efforts in understanding how small genetic variances interact with environmental and aging
factors is viewed as crucial to identifying patterns for better identification, prevention, and

treatment of patients at risk of PD.

1.3 Bioenergetics and Parkinson’s

Cellular energy production is a biological imperative for all forms of life. In mammalian
eukaryotic cells, mitochondria are the primary facilitators of energy production in the form of
adenosine trisphosphate (ATP). In humans, food is broken down to derive glucose, which is then
enzymatically processed by enzymes within the mitochondrial matrix to produce substates
necessary for maximizing ATP production. This process, termed the tricarboxylic acid cycle
(TCA), generates essential metabolites such as pyruvate, nicotinamide adenine dinucleotide
(NADH), and flavin adenine dinucleotide (FADHz) for utilization as energy transfer substrates.
In essence, these substrates are reduced in a process known as oxidative phosphorylation and
then used to pass electrons through protein complexes within the inner mitochondrial membrane,
where they form an electrochemical gradient. The gradient created allows for controlled,

directional flow of protons in order to drive the molecular turbine, ATP-synthase, and generate



ATP. All essential cellular functions, from gene transcription to protein regulation, require ATP.
Without ATP, the cessation of these functions will lead to the death of cells.

Mitochondrial dysfunction is a common cellular feature implicated in across PD cases. The
association between energy insufficiency and PD was made clear in 1982, when a group of
young individuals used a contaminated source of synthetic heroin and developed parkinsonian
symptoms (Nonnekes et al., 2018). The heroin-derivative was identified to have been
contaminated with MPTP, a precursor molecule of the mitochondrial toxin MPP*. Later work
identified that MPP* was selectively deleterious for DA neurons within the substantia nigra, as
the conversion from MPTP to MPP* required the presence monoamine oxidase B (MAO-B)
enzymes within astrocytes of the SN (Ransom et al., 1987). “The case of the frozen addicts”
established a crucial link between DA neuron susceptibility to energy collapse and our
understanding of motor symptoms associated with PD.

Today, monogenic PD findings and GWAS meta-analyses similarly identify genes associated
with mitochondrial function to be linked to PD risk (Borsche et al., 2021). PINK1 causal
mutations, for instance, impair the mitophagy process responsible for removal of damaged
mitochondria (Pickrell & Youle, 2015). Similarly, genes with variable disease penetrance, such
as LRRK2 mutations, affect mitochondrial oxygen consumption, responses to oxidative stress,
and trafficking within cells (Singh et al., 2019). Mitochondrial impairments from PD-associated
genes are harmful to all cellular processes within patients, but especially so for the CNS, as it is
the largest consumer of ATP (Dunn & Grider, 2020). DA neurons fire depolarizing action
potentials as often as 5-10 times per second, required large amounts of ATP to reestablish ionic

concentrations necessary to maintain their membrane potentials and continue operating (Ni &



Ernst, 2022; Sheng, 2014). Altogether, converging evidence from environmental and genetic

studies strongly implicates mitochondrial bioenergetic dysfunction as a PD feature (Fig. 3).
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Figure 3. Changes in mitochondrial function and quality are strongly associated with PD.
Genetic factors and accumulated environmentally incurred damage have been demonstrated to
increase the risk of PD. Similarly, dysfunction of processes involved in maintaining
mitochondrial health and integrity increase PD risk (Gao et al., 2022).

The identification of mitochondrial dysfunction as a common PD feature has led to a growing

interest in therapeutic interventions that help improve bioenergetic function. Antioxidants,

mitochondrial enhancers, and senolytics are various strategies of current interest given their

ability to help improve mitochondrial function directly or indirectly (Borsche et al., 2021;



Deledda et al., 2022; Thomas & Beal, 2010). Identification of effective strategies, however, are

dependent upon identification and study of how candidate genes affect biological processes.

1.4 CD38

GWAS identification of PD-risk genes have helped identify potential therapeutic targets that
relate to bioenergetics. CD38 is a relevant gene of interest as variations in its genomic region
increase PD risk odds (Chen et al., 2014; J. Li et al., 2019; Sharma et al., 2012). Even further, the
cluster of differentiation 38 (CD38) protein regulates bioenergetic substrate balance and
demonstrates age-related changes in expression (Camacho-Pereira et al., 2016; Guerreiro et al.,
2020). While CD38 expression is most associated with immune cells and tissues of the immune
system, brain expression is detectable at a physiologically relevant level (Piedra-Quintero et al.,
2020). Amongst CNS cell populations, the glial cells, namely astrocytes, oligodendrocytes, and
microglia, are the highest CD38 expressing cells, in respective order (Kelley et al., 2018;
Saunders et al., 2018). Astrocytes in particular serve numerous support roles within the CNS (see
Chapter 1.5).

CD38 function is unique, as it operates as an extracellular enzyme and receptor (Fig. 4). As
an ectoenzyme, CD38 acts as an NADase and consumes the bioenergetic substrate NAD?,
converting it into adenosine diphosphate-ribose (ADPR)/cyclic ADPR (cADPR) and
nicotinamide (NAM) (Grozio et al., 2013; Malavasi et al., 2008). Importantly, ADPR/cCADPR
mediates the release of intracellular calcium (Ca*) to serve as a second messengers and regulate
numerous cellular functions, including metabolism, gene expression, and cell survival (Bagur &
Hajndczky, 2017). NAM products can translocate from the extracellular to intracellular space,

where it can be repurposed into NAD™ via the salvage pathways for later use in mitochondrial
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ATP production (Khaidizar et al., 2021). As a receptor, CD38 can interact with other cluster of
differentiation proteins to transduce signals relating to immunological function, similarly driving

Ca?" release in order to modulate inflammatory responses (Morandi et al., 2019).
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Figure 4. CD38 operates as an ectoenzyme and receptor. (a) CD38 function facilitates
signaling via indirect pathways as an ectoenzyme that modulates bioenergetic substrate
bioavailability. (b) As a receptor, CD38 can interact with other immunomodulatory molecules to
facilitate direct signaling most associated with immune responses and cell migration (Deaglio et
al., 2008).

The convergence of CD38 amongst age-related changes, mitochondrial function, immune
regulation, and PD-risk association in CD38 studies has strongly implicated its function within
neurodegenerative contexts. The aging process can be conceptually simplified as the accruement
of damage across lifespan interacting with failing cellular systems. This concept, termed
inflammaging, relates to the observations of increased inflammatory states across tissues
observed in advanced age (Franceschi et al., 2018). During this time, CD38 expression across
tissues increases whilst NAD levels decrease (Camacho-Pereira et al., 2016). A particularly

striking observation is that NAD levels are further reduced in PD patients relative to age-
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matched controls (Wakade et al., 2014). Furthermore, decreased NAD and increased
ADPR/cADPR as a result of CD38 function have been identified as contributing to pro-
inflammatory states (Camacho-Pereira et al., 2016; Wei et al., 2014; World Health Organization,
2023). For these reasons, some have argued that CD38 inhibition or supplementation of NAD
precursors may be of benefit for age-related disease (Fig. 5).
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Figure 5. Age-related changes alter CD38 expression and function. Advanced age elicits an
increase in CD38 protein expression alongside a decrease in NAD presence. Therapeutic
approaches aim to modulate CD38 function to increase NAD and reduce aging phenotypes
(Chini et al., 2018).

There exists an incongruity with CD38-based interventions as they relate to PD, however.
While inhibition of CD38 function has become a therapeutic topic of interest, human SNP
variants that induce decreased CD38 expression have been identified as increasing risk odds for
PD diagnosis (Chen et al., 2014; J. Li et al., 2019; Sharma et al., 2012). A gap currently exists
within our understanding of the contexts in which manipulations of CD38 function induce

impairment and benefit, requiring further research efforts to establish appropriate scenarios to
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targeting CD38 function. Furthermore, we have limited information as to how glia, especially

CD38-enriched astrocytes, of the brain respond to manipulations of CD38.

1.5 Astrocytes

Astrocytes represent the largest population of CNS glial cells and are intimately tied to the
regulation of brain function. The astrocyte does not function as a neuron, but instead supports the
functions that allow neuronal activity and health to be maintained. Astrocytic hallmarks include a
highly ramified morphology comprised of structures termed peripheral astrocyte processes
(PAPs), which are utilized to interact with the microenvironments of synapses, vascular
networks, and neighboring glia (Schiweck et al., 2018). At the synapse, astrocytes regulate ionic
homeostasis to allow maintain the parameters in which neurons require to fire action potentials.
Neuronal activity stimulates astrocytic responses typically in the form of intracellular Ca?*
release, which serves as a second messenger to a host of intracellular signaling cascades
(Nedergaard et al., 2003). Astrocytes also play a dynamic role in provisions of growth factors
and energy metabolites, such as ATP, to neurons in order to meet the large energy demanded to
sustain action potentials (Savtchouk & Volterra, 2018). The myriad of responses and roles that
astrocytes have demonstrated has been reviewed at great depth (Sofroniew & Vinters, 2010) with
a summary of primary astrocytic functions provided here (Fig. 6, left).

Typical astrocyte function can be perturbed by CNS injury, inflammation, and disease.
Astrocytes can assume a reactive form, indicated by transcriptional and protein expression
changes whereby astrocytes reduce typical homeostatic-related functions and become
hypertrophic via increased expression of glial fibrillary acidic protein (GFAP). This reactive

astrocytic state is associated with release of cytokines to mount inflammatory and anti-
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inflammatory responses (Phatnani & Maniatis, 2015). Relevant to the discussions herein,
neurodegenerative disease is strongly associated with changes in astrocytic states and functions,
with some indications that reactive astrocytic phenotypes exacerbate neurodegenerative diseases
(NDDs, Fig. 6, right). In fact, pro-inflammatory, reactive astrocytes are identified across
neurodegenerative diseases in patient tissues (K. Li et al., 2019). The association between
reactive astrocytes and neurodegenerative contexts likely arise from responses to disease
pathology (e.g. a-synuclein), neuronal dysfunction (e.g. bioenergetic stress), and inflammatory
signals that influence neuron to glia interaction (Adamczyk, 2023). In PD, astrocyte-to-neuron
dysfunction has also been demonstrated to instigate disease states (Miyazaki & Asanuma, 2020).
In MPTP-induced PD, astrocytes are the first to take up the compound, followed by the
subsequent conversion and release of neurotoxic MPP*. MPTP application in experimental
animal models induces a pro-inflammatory state characterized by induction of reactive astrocytes
and cytokine release (Michalovicz et al., 2019). Furthermore, when reactive astrocytic states are
pharmacologically inhibited, MPTP-mediated inflammation and DA neuronal death is reduced
(Yang et al., 2009). In PD pathology, a-synuclein aggregates in neurons can be taken up by
astrocytes (Rannikko et al., 2015). However, increased a-synuclein uptake in astrocytes has been
shown to reduce homeostatic-related functions and induce reactive phenotypes (Rannikko et al.,
2015). Though neurodegenerative disease is most typically associated with neuron dysfunction

or death, astrocytes and other glia clearly have a contributing role.
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Figure 6. Astrocytes as regulators of function and their implications in disease. Astrocytes
hold numerous support roles within the CNS. Their significance as support cells to neuronal
function, response to injury, and maintenance of microenvironmental conditions places them in a
precarious position as disease modifiers when dysfunctional or perturbed (Jha et al., 2018).
Astrocytes also express many of the genes associated with genetically-linked PD (Booth et al.,
2017). LRRK2 mutations associated with familial PD, for instance, have been shown to disrupt
astrocytic lysosomal function (Henry et al., 2015). In patient-derived LRRK2 variant astrocytes
cell culture experiments, it was found that patient astrocytes had autophagy dysfunction and
contributed to a-synuclein aggregation in neurons (di Domenico et al., 2019). In mice, it was
determined that astrocyte-specific Snca overexpression was sufficient to induce neurological

dysfunction across motor tasks and contribute to reductions in glutamate transporters , damage to

blood-brain barrier integrity, and increased inflammation. Altogether, understanding astrocytic
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contributions in NDDs is paramount to determining how disease states arise and may be

mitigated.

1.6 MACS isolation

Research and technological developments over the last few decades have revealed numerous
ways in which we can distinguish one cell type from another. Importantly, it has become
apparent that studying the contributing role of particular cell types within the context of health
and disease is critical to our understanding of development and pathology. Within Dr. Michelle
Olsen’s lab, we utilize a magnetic activated cell sorting (MACS) technique that allows for
specific, sequential isolation of CNS cells of interest (Holt, Hernandez, et al., 2019; Holt &
Olsen, 2016; Holt, Stoyanof, & Olsen, 2019). The premise of MACS isolation relies upon
identification of cell-specific surface markers that can be labeled with specialized antibody beads
that contain metallic ions (Fig. 7). Cells tagged with metallic-antibody beads are then run
through a specialized ferromagnetic column in the presence of a powerful magnetic force.
Labeled cells are then trapped within the ferromagnetic matrix while the remaining, unlabeled
cells pass through for further processing or collection. In this way, once may positively select a
cell population of interest or remove contaminating cells for a negative selection of the

remaining column flowthrough.
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Figure 7. Magnetic activated cell sorting premise. Simplified diagram illustrating essential steps
of MACS protocols (Technologies, 2023).

A major benefit of the MACS approach is the ability to isolate highly purified cellular
fractions from whole tissues that retain much of their former morphological features (Fig. 8).
Neurons and astrocytes in particular have highly complex morphological features that can often
be damaged and lost in similar isolation methods, such as in the case of fluorescence-activated
cell sorting (FACS). The retention of the information contained within astrocytic processes is
highly relevant for the field of glial biology in particular, as these astrocyte PAPs are the way by
which they interact with neuronal synapses and other microenvironments within the CNS
(Baldwin et al., 2023). Furthermore, PAPs have been shown to play a role in the translational and
bioenergetic regulation of astrocytes (Derouiche et al., 2015; Sakers et al., 2017). The evaluation

of largely intact astrocytes provides a clearer vantage point of cellular processes relevant to

neuron-glia communication.
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Figure 8. MACS isolations provide pure, morphologically intact astrocytes. (A) RT-PCR
verification of cortical mouse astrocyte fractions showing enrichment of astrocytic genes (Slcla2,
Gfap) and depletion of oligodendrocyte (MBP), microglia (Itgam), and neuronal markers (Map2).
(B) Cortical mouse astrocytes have a complex, bushy appearance prior to any sorting methods (i)
and largely retain complex morphological states after MACS isolations (ii), but are largely reduced
to only soma compartments during FACS isolations (iii). (C) Evaluations of shape index from
mouse astrocyte indicate significant morphological retention in MACS to FACS comparisons
(Holt & Olsen, 2016). *p < 0.001

1.7 RNA-sequencing
Within the broad field of biology, the central dogma is a core concept that explains that
genomic DNA is the source by which all proteins within an organism are generated. While

understanding the final protein created from DNA is incredibly valuable information, proteomic

approaches often rely on highly specialized equipment and incur high operating costs relative to
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transcriptomic approaches (Houfani & Foster, 2022; Sidoli et al., 2017). Transcriptomics operate
to help us understand the RNA intermediates between a DNA source and the potential protein
product. Developments in transcriptomics has given research powerful tools to better understand
how gene activity in response to environmental stimulus give rise to cellular pathways and
processes.

RNA-sequencing (RNA-seq) is a powerful method by which one can evaluate the molecular
changes that arise in cells across development, disease, and within the context of specific genetic
changes (Lowe et al., 2017). Briefly, RNA-seq methods begin with acquisition of RNA isolates
from cells or tissues. Crude samples are typically purified through RNA isolation protocols or
Kits to reduce the potential of error in downstream processes. The purified RNA samples must
then be placed through a library preparation processes that allows for sequencing to take place.
First, RNA is fragmented and reversed transcribed into a more stable double-stranded
complementary DNA (cDNA) form that reflects the genomic exon regions responsible for
creation of the original RNA fragment. Oligonucleotides adapters with a known sequence are
then ligated to the generated cDNA to allow for polymerase chain reaction (PCR) amplification
of the cDNA-adapter construct. The amplification process is a series of heating and cooling steps
to denature the double stranded cDNA, allow for primers to anneal to each individual strand,
then begin extension of a new complementary stand. Next-generation sequencing platforms
measure this amplification reaction via dyes or fluorescent tags associated with nucleotide bases
to detect each nucleotide extension event to generate data representing the code of each transcript
strand. Once the data has been generated, it must be further processed to remove sequencing

artifacts by adapter trimming and removal of low-quality transcript reads (Fig. 9).
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Figure 9. RNA-sequencing workflow. Diagram illustrating how genomic DNA gives rise to RNA
in living organism (top), which is then extracted and fragmented to generate RNA-seq samples
(middle), followed by reorganizing the sequencing data and determine genes expressed (Lowe et
al., 2017).

1.8 Agilent Seahorse XF96

The Agilent Seahorse platform (Santa Clara, California) is an apparatus that allows for real-

time observations mitochondrial bioenergetics (Caines et al., 2022; Wu et al., 2007). Changes in

mitochondrial function are associated with disease states; however, functional measures of

bioenergetic function are often limited to secondary methods via fluorescent reporters of activity

or damage (Connolly et al., 2018). Seahorse assays allow for discrete observation of
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mitochondrial function by measuring the oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) of cells or isolated mitochondria in vitro (Horan et al., 2012). OCR
and ECAR data are reflective of mitochondrial oxidative phosphorylation and glycolysis.
Numerous Kits are commercially available to evaluate particular aspects of mitochondrial
function ranging from ATP rate, oxidative stress, and metabolic profiling. Of relevance to the
work presented herein, the Mito Stress Test has become a recent gold standard for evaluations of
mitochondrial respiration.

The Seahorse SF Mito Stress Test assay allows for real-time, live observations of OCR and
ECAR measures through the utilization of mitochondrial toxins to drive particular mitochondrial
responses (Fig. 10A). Cells or isolated mitochondria are first placed within 24 or 96 well plates
and prepped according to the particular needs of the experiment. Once prepped, the plate is
placed within the Seahorse XF analyzer to establish and measure basal respiration (3 times, over
the course of 5-8 minutes, Fig. 10B). Oligomycin is then added to each well through an injector
port, ceasing function of ATP synthase (complex V). The drop in OCR is measured and reflects
changes in ATP production and uncoupled basal respiration attributed to proton leaks along the
mitochondrial membrane. Addition of phenylhydrazone (FCCP) is an uncoupling agent used to
collapse the proton gradient across mitochondrial membranes, causing complex IV to reach its
maximal respiration as electron flow remains uninhibited. The spare respiratory capacity, or
ability for mitochondria to respond to changes in ATP demand, can be derived from the
difference between maximal and basal respiration. Finally, rotenone and antimycin A are added
to inhibit complex I and 111, respectively. Altogether, the combinatorial effect of toxins ceases
mitochondrial function and allows measures to evaluate respiration that persists outside of the

mitochondrial space.
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While OCR responses are the typical measure for the Mito Stress Test and reflect
mitochondrial oxidative phosphorylation, ECAR recordings during the same series of events
serve as measures of glycolytic function (Sonntag et al., 2017) (Fig. 10C). Similar to OCR
measures, the period of basal respiration is measured as basal glycolysis. The period between
oligomycin and FCCP application is reflective of glycolytic capacity. Glycolytic reserve can then
be extrapolated from the difference between glycolytic capacity and basal glycolysis. However,
it is important to note that glycolytic measures during the Mito Stress Test may not be entirely
reflective of cellular glycolysis. Specifically, the Mito Stress Test does not provide an injection
of glucose to more accurately assess cellular utilization of the substrate. Instead, it is
recommended to use the Glycolysis Stress Test to provide a more accurate portrait of cellular
glycolysis. Taken together with OCR data, one is able to better understand how experimental
manipulations by genes, treatments, or environmental hazards may influence specific

mitochondrial functions.
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Figure 10. Agilent Seahorse XF principals. (A) Utilization of specific mitochondrial toxins

allows for functional interference of complex proteins that facilitate ATP energy production.
Oligomycin decreases OCR and ATP production by inhibition of the complex IV ATP synthase,
FCCP disrupts membrane potential and induces maximal respiration to restore the collapsed proton
gradient, while rotenone/antimycin A together further inhibit complex I and IlI, respectively, to
cease mitochondrial function. (B) The changes induced can be measured in a typified change in
oxygen consumption, reflective of oxidative phosphorylation. (C) Similarly, glycolytic function

can be assessed as measured by extracellular acidification of wells (Sonntag et al., 2017).
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Chapter 2: Review of Literature
2.1 CD38 in cellular function, bioenergetics, and age-related changes

CD38 has become a topic of interest due to its functional relationship with immune function,
bioenergetics, and aging. CD38 was first discovered in 1980 (Deaglio et al., 2001) as a
lymphocyte cell marker. In the following decades, CD38 research was largely focused
understanding its function as a mediator of immune cell differentiation, activity, and
inflammatory signaling (Piedra-Quintero et al., 2020). It was also during this time that CD38 was
determined to act as an NADase that generates CADPR and ADPR molecules from NAD to serve
as mobilizers of intracellular Ca?* (Howard et al., 1993). This initial revealing of the association
between CD38 and bioenergetic substrate modulation eventually collided with the field of aging,
where it was determined that NAD levels decrease as humans (Massudi et al., 2012) and rodents
(Braidy et al., 2011) advance in age. It was only as recent as 2016, that the relationship between
CD38 expression and age-related NAD decline was experimentally evaluated. Using aged mice,
Camacho-Pereira et al. found that during aging (5-32 months), animals had increased CD38
protein content in liver, adipose, spleen, and skeletal muscle tissue (Camacho-Pereira et al.,
2016). Alongside increased protein content within these tissues, it was also determined that
CD38 NADase activity was increased and reduced mitochondrial oxygen consumption by up to
70% in 24-month-old animal samples. Importantly, evaluations of the remaining NADase family
members, PARP1 and SIRTL, did not show similar increases in protein content, suggesting that
NAD decline was most associated with CD38-related changes. Altogether, these findings helped
set the stage for further examination of the role of CD38 expression as it relates to cellular states,

bioenergetics, and relationship to age-related disease.
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2.2 CD38 as a contributor to neuronal, astrocytic, and glial function

Human CNS cell data indicates that glial cells are the primary CD38 expressing cells (Kelley
et al., 2018). Astrocyte, oligodendrocytes, microglia and neurons all have demonstratable
expression in the human brain in the respective rank order. CD38 in human and rodent also
demonstrates differences in expression across regions and is most associated with cells within
the basal ganglia (Kelley et al., 2018; Mizuguchi et al., 1995; Sjostedt et al., 2020; Yamada et al.,
1997). Currently, experimental human data relating to CD38 in the CNS is limited to the
aforementioned histological studies evaluating expression. Cd38 knockout model animals,
however, have been useful in determining how its typical expression promotes CNS cell health
and function.

In neurons, for example, Cd38”- mice were found to have impaired dendritic organization in
the hippocampus and visual cortex (Nelissen et al., 2018). Similar to findings in immune cells
studies, CD38 production of cCADPR was found to activate ryanodine receptor, initiate
intracellular Ca?* release, and stimulate neurotransmitter and oxytocin release (Higashida et al.,
2007; Higashida et al., 2012; Jin et al., 2007). Furthermore, Cd38” have cognitive deficits as
indicated by impairments in hippocampal-dependent learning and memory (Morris water maze),
social recognition (3-chamber task), and novel object recognition when compared to cage-
matched, CD38"* peers (Kim et al., 2016).

It is important to note that the majority of neuron-based studies utilize global knockout (KO)
of Cd38, a gene largely expressed by glia. Recently, one group utilized an astrocyte-specific,
tamoxifen-inducible Cd3811o¥Mox GLASTC"™ERT2 animal model, finding that the reported deficits in
social memory were recapitulated in mice with astrocytic Cd38 knockdown (Hattori et al., 2023).

The impaired social memory phenotype was dependent upon the timing of Cd38 knockdown
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(KD), as deficits were only significant in animals with KD prior to the postnatal maturation
period (approximately P14-30 in mice, P10-14 KD) and not when in animals with adulthood KD
(P42 KD). Additionally, cell autonomous and non-cell autonomous changes were reported in
astrocytic Cd38 postnatal KD animals. KD astrocytes had reductions in canonical astrocytic
genes, Gfap, s100p, and Cx43, while proteomic analysis of Cd38” astrocyte primary mouse
cultures found reductions in the excitatory-synapse promoting protein SPARCL1 (Gan &
Sudhof, 2020). Postnatal astrocytic loss of CD38 also altered neuronal dendritic structures and
reduced colocalization of synaptic markers (VGLUT1/PSD95) within pyramidal neurons of the
prefrontal cortex, indicating decreased presence of functional synapses (Hattori et al., 2023).
These recent findings reflect some of the strongest evidence for the significance of glial
expression of CD38, as they represent the first instance of cell-specific manipulations in vivo.
Interestingly, other in vivo findings concerning astrocytes have determined that CD38 function
facilitates mitochondrial transfer (Wang et al., 2020), a feature recapitulated in vitro using human
astrocytes (Sun et al., 2019). Similarly, previous glial-centric evaluations regarding the
biological significance of CD38, however, paved the way for current research efforts. Altogether,
astrocyte-based findings implicate CD38 function as a facilitator of neuron-glia interaction that
impart benefit with expression and detriment in loss.

CD38 function in the brain is still a developing topic, with the majority of research
discoveries having been published within the last decade. It is largely unknown how CD38
contributes to oligodendrocyte function; however, findings indicate that astrocytic expression of
CD38 facilitates oligodendrocyte cell differentiation in development (Hattori et al., 2017) and
influences oligodendrogliopathy in models of metabolic dysfunction (Langley et al., 2021). In

microglia, CD38 function has been found to be largely similar to that of peripheral immune cells;
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namely, that CD38 expression is associated with inflammatory events and induce phenotypes
associated with cytokine production (Wang et al., 2017). Figure 11 summarizes recent findings
regarding how CD38 functionally contributes to major CNS subtypes. Given the limited
information regarding CD38 as it relates to CNS cells, it is imperative that research efforts

evaluate cell specific processes regulated by its expression.
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Figure 11. Summary of CD38-related findings in CNS cells. Recent evidence has helped
elucidate how CD38 expression plays specific roles within neurons and major glial cell
populations. Astrocytes in particular have been the most recent focus given their relatively high
CD38 expression (Guerreiro et al., 2020).
2.3 CD38 deficiency as it relates to Parkinson’s disease

Recently, a meta-analysis of human brain and blood sample proteomic datasets was used
to identify potential mediators of NDDs (Ge et al., 2023). The authors found increased CD38 in

the brain correlated to decreased PD risk. This determination complements genome- and

transcriptome-wide association studies (GWAS, TWAS) meta-analysis findings identifying

27



increased PD risk for individuals with SNPs that cause decreases in CD38 expression (Chen et
al., 2014; Kiaet al., 2021; J. Li et al., 2019; Sharma et al., 2012; Zhou et al., 2023). Importantly,
these recent risk-association studies utilize various methods and datasets and continue to identify
reductions in CD38 as a risk factor in the development of PD. In humans, single-nucleotide
polymorphism (SNP) rs11724635 within the CD38 locus has been implicated PD susceptibility
in some populations (Chen et al., 2014; Hayete et al., 2017; Sharma et al., 2012). Our laboratory
group has a standing collaboration with Dr. Rita Cowell, who determined via meta-analysis of
publicly available data, that rs11724635 is associated an approximate 50% downregulation of
CD38 in basal ganglia regions associated with PD pathology (Fig. 12). These preliminary
findings indicate that SNP rs11724635 resides in the locus shared by three genes (FAM200B,
BST1, CD38), however only CD38 expression changes are associated with the SNP (Fig. 12A).
Furthermore, rs11724635 is associated with an estimated 50% reduction in CD38 expression,
preferentially in the BG brain region (Fig. 12B). These preliminary data serve as the foundation
by which we further sought to interrogate the role of CD38 within models that recapitulate

observable changes in humans as they relate to PD risk.
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Figure 12. Parkinson’s associated SNP rs11724635 in the FAM200B/BST1/CD38 locus
reduces CD38 expression. (A) Identified PD-risk SNP rs11724635 is associated with decreased
CD38 expression, but leaves nearby genes FAM200B and BST1 unaffected (Kent et al., 2002).
(B) Regional changes in CD38 expression as induced by rs11724635 indicate that brain regions
impacted by PD pathology have reduced mRNA expression (GTEx Consortium, 2020).
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2.4 Gaps in Knowledge

Human GWAS-based studies have provided valuable information relating to risk genes that
contribute to the manifestation of PD, with recent findings consistently indicating that reductions
in CD38 are associated with increased PD risk (Yao et al., 2021; Zhou et al., 2023). Interestingly,
CD38 fits within our understanding of what induces greatest risk of PD, namely age-related
changes that affect cellular bioenergetics. Within the brain, astrocytes are the primary CD38
expressing cells, yet few papers have evaluated the functional relevance within astrocytes.
Studies published thus far typically utilize complete knockout models to investigate the
biological consequence of CD38 loss; however, these models do not recapitulate human health
and somewhat lack in translational relevance as it relates to disease risk. To more strongly
evaluate the translational relevance of CD38, we sought to examine astrocytic gene expression
and function within the context of CD38-deficient model that recapitulates human SNP variants
relating to PD risk. In this way, we aim to enhance knowledge as it pertains to astrocytic

contributions to PD risk in the context of the risk gene, CD38.
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Chapter 3: Experimental Design
3.1 Experiment 1: Identification of Cd38 expression cell-type specificity

Our initial experiments set out to confirm Cd38 enrichment within astrocytes of murine
origin. Human data evaluating the expression profiles of CNS cells supports the notion of CD38
glial enrichment (Fig. 13, (Kelley et al., 2018). We sought to confirm this within our own animal
models, first by analysis of publicly available datasets, and second by way of
immunofluorescence-based methods. DropViz is a readily available dataset containing
transcriptional profiling of murine CNS cells (Saunders et al., 2018). Utilizing available datasets,
a meta-analysis was performed to evaluate the mouse Cd38 expression by cell type and region.
Confirmatory evaluations of meta-analysis results were made using Cd38*'* wild-type mice
compared to Cd387 knockouts. To achieve this, a fluorescence in situ hybridization (FISH)
approach was used to determine if astrocytes within basal ganglia regions had enrichment of
Cda38 transcriptional markers that colocalized with astrocytic indicators. Additionally,
confirmations were made using reverse-transcription polymerase chain reaction (RT-PCR)

methods to evaluate tissues from Cd38*"* and Cd38” samples.
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Figure 13. CD38 is most enriched in astrocytes and the midbrain. (A) Genome-wide
distributions of expression fidelity for CNS cells over all analyzed samples. The horizontal line
denotes the expression fidelity of the CD38 for each cell type. The dashed horizontal line indicates
the threshold above which all fidelity scores had Confidence = 100. (B) Table containing
information on data used to produce the distributions in (A). (C) Mean expression percentile ranks
of the CD38 in all analyzed datasets. Platform is indicated by shape (bottom left) and CNS region
by color (bottom right). (D) Modeling results for expression levels of CD38 as a function of
variation in the inferred abundance of individual cell types. Simple linear regression is used to
predict gene expression levels as a function of estimated CNS cell type abundance in all human
regional datasets containing the CD38. (E) Modeling results for expression levels of CD38 as a
function of variation in the inferred abundance of all cell types. Multiple linear regression is used
to predict gene expression levels as a function of CNS cell type abundance in all human CNS
regional datasets containing the CD38. (F) The top 12 genes ranked by their aggregate correlation
to CD38 expression levels over all analyzed samples (Kelley et al., 2018).
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3.2 Experiment 2: Evaluation of NAD and NAM content in CD38-deficent mice

Given that CD38 protein function specifically modulates NAD/NAM balance in tissues, we
sought to explore how deficiency may alter the presence of these crucial bioenergetic substrates.
To explore this, late-adulthood mouse (12 months) brains were microdissected for isolation of
striatum and midbrain tissues and prepared for proton nuclear magnetic resonance (*H NMR)
analysis. 'H NMR allows for separation, detection, and quantification of sample contents by
evaluation of the chromatic signatures of compounds within the sample (Fig. 14). For our
purposes, tissue samples were isolated and homogenized in a chloroform-based solvent. Samples
were spun down, and the upper liquid supernatant layer containing NAD and NAM were taken
for 'H NMR applications. Spectral readings were taken for detection of NAD and NAM for each
sample run to indicate if there were particular shifts in these bioenergetic substrates across
genotypes. Finally, an NAD/NAM ratio was generated from acquired readings to provide
information relating to shifts in substrate balance amongst Cd38*"*, Cd38*", and Cd38” animals.

CD38 protein function also modulates NAD/NAM balance in tissues, therefore, we sought to
explore how deficiency may alter the presence of these crucial bioenergetic substrates. To
explore this, late-adulthood mouse (12 months) brains were microdissected for isolation of
striatum and midbrain tissues and prepared for proton nuclear magnetic resonance (*H NMR)
spectroscopy. NMR methods allow for detection of specific electromagnetic signatures within
samples to identify molecular compounds from one another (Fig. 14). In the simplest terms,
radio frequency is applied to samples while the frequency absorption is detected to identify
differences in nuclear resonance, indicative of particular chemical compositions. *H NMR relies
upon detection of hydrogen protons within biological functional groups to record spectra and

allow for determinations of structural composition. For our purposes, tissue samples were
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isolated and homogenized in a chloroform-based solvent. Samples were spun down, and the
upper liquid supernatant layer containing NAD and NAM were taken for *H NMR applications.
Spectrum readings were taken for detection of NAD and NAM for each sample run to indicate if
there were particular shifts in these bioenergetic substrates across genotypes. Finally, an
NAD/NAM ratio was generated from acquired readings to provide information relating to shifts

in substrate balance amongst Cd38**, Cd38*", and Cd38” animals.
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Figure 14. General 'H NMR workflow. Generally, samples are placed within a magnetic
apparatus containing a radio frequency (RF) transmitter and detector. Magnetic force is applied
alongside RF transmission, where absorption data is measured and transferred to a computer for
interpretation with software programs (Patel & Chudasama, 2021).

3.3 Experiment 3: Determination of CD38-deficient astrocytes expression profiles

Currently, evidence suggests that a relationship exists between human SNPs that reduce

CD38 expression and the modulation of PD risk (Yao et al., 2021; Zhou et al., 2023). Additional
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works also indicate that astrocytes display the highest CD38 expression in the CNS (Saunders et
al., 2018) and are particularly transcriptionally and functionally affected by changes in its
expression (Hattori et al., 2017; Hayakawa et al., 2016). Utilizing a cell-specific isolation
approach paired alongside next-generation RNA-sequencing, the following experiment sought to
examine how changes Cd38 expression in mice models alters astrocytic gene expression may
reflect changes in neurodegenerative risk. Late-adulthood mice were used to represent the
prodromal period believed to precipitate cellular changes associated with later PD diagnosis
(Mahlknecht et al., 2022). Late-adulthood Cd38*"*, Cd38*", and Cd38” mice (approximately 12
months of age) basal ganglia were collected for MACS isolation of astrocytic populations. RNA
was extracted and RNA-seq libraries were prepared from samples for Nova-seq 6000 next-
generation sequencing. From the acquired dataset, differentially expressed gene (DEG) were
identified from Cd38*"* to Cd38*"- and Cd38*"* to Cd38™" pairwise comparisons. DEGs were
used in additional gene ontology (GO) pathway analyses to find functionally relevant pathways

that may further be examined (Fig. 15).
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Figure 15. RNA-sequencing as it relates to the research presented herein. Diagram illustrating
RNA-seq workflow relevant to data within this dissertation (Biorender, 2023).

3.4 Experiment 4: Evaluation of mitochondrial-related changes in basal ganglia
Mitochondrial dysfunction often lies at the heart of neurodegenerative phenotypes, so we
chose to utilize a series of assays to explore basal ganglia mitochondrial function. Based on the
relationship between CD38 enzymatic activity and bioenergetics, we selected three checkpoint
enzymes of interest to evaluate if changes exist within specific mitochondrial events (Fig. 16)
between Cd38*/*, Cd38*", and Cd38” animals. Cytochrome ¢ oxidase (COX) activity was
measured as an indication of electron transport chain (ETC) function. Also known as complex IV

along the ETC within the inner mitochondrial membrane, COX plays a crucial role in
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maintaining the electrochemical gradient that allows H* proton flow to drive ATP production.
Pyruvate dehydrogenase (PDH) enzymatic activity measures were taken to assess the state of the
tricarboxylic acid cycle (TCA). PDH catalyzes the conversion of pyruvate into acetyl-CoA for
downstream generation of NADH, FADH,, and ATP from the TCA cycle. Lastly, we took
measures of citrate synthase (CS) as an indicative measure of intact mitochondria within samples

(Larsen et al., 2012).
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Figure 16. Major enzymes of interest for mitochondrial determinations. We selected three
checkpoint enzymes of interest to evaluate if changes exist within specific mitochondrial events.
Cytochrome C oxidase, also known as complex IV (top box), is essential for mitochondrial inner
membrane ETC-mediated ATP production. Pyruvate dehydrogenase (middle box) activity is
amongst the most important enzymes within the TCA cycle, allowing for production of acetyl-
CoA, NADH, and FADH: within the mitochondrial matrix for later use in ETC-ATP production.
Citrate synthase (bottom box) is another enzyme important to TCA cycle function and often
serves as a measure of mitochondrial content (Osellame et al., 2012).

3.5 Experiment 5: Assessing bioenergetic function of CD38-deficient astrocytes

We further assessed the relationship between bioenergetic function and Cd38 expression by

inclusion of Agilent Seahorse XF96 Mito Stress Test measures. As previously described (see

Chapter 1.8), the Seahorse platform allows for evaluation of oxygen consumption and
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extracellular acidification rates to indicate changes in oxidative phosphorylation and glycolytic
function, respectively. Astrocytes were evaluated given that they display the highest CD38
expression profile in the CNS. We sought to understand if CD38 deficiencies had a particular
effect on astrocytic bioenergetic function by utilizing an in vitro model Mito Stress Test
paradigm. In short, Cd38**, Cd38*", and Cd38~ pups were used to generate primary astrocyte
cultures and then grown to a matured phenotypic state (Schildge et al., 2013). Primary astrocytes
were then prepped for Seahorse XF96 Mito Stress Test evaluations of mitochondrial function.
Once the paradigm was completed, culture dish protein content was assessed by bicinchoninic
acid assay for final normalizations of data. Data was sorted and organized according to Agilent

parameters and similar to methods used by others (Sonntag et al., 2017; Wu et al., 2007).
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Chapter 4: Methods
4.1 Animals

All animals were maintained in accordance with Virginia Tech and University of Alabama at
Birmingham veterinary and IACUC protocols respective to each institution. Mice were housed in
facilities on 12-hour reverse light/dark cycle with ambient temperature and humidity maintained
at all times across experiments. Mice had access to purified water and standard chow ad libitum.
Animal health was monitored daily by veterinary staff with all efforts taken to minimize pain and
distress. All mice used were bred from the C57BL/6 strain. Cd38 knockout mice (B6.129P2-
Cd38tm1Lnd/J, The Jackson Laboratory) have a global disruption in exons 2-3 of the
Cd38tm1Lnd allele, resulting in heterozygous mice (Cd38*") with an approximate 50% decrease
in CD38 presence and knockout animals (Cd387) having nearly no Cd38 transcript and CD38
protein (Cockayne et al., 1998). Animal breeding utilized pairs of Cd38” male and female mice
to generate animals for experiments . All animal comparisons were made against litter and/or

peer matched controls. Samples were blinded for analysis to reduce potential biases.

4.2 Data Curation

Single-nucleotide polymorphism rs11724635 (chr4:15737101), in the region of
BST1/FAM200B/CD38 localized to chromosome 4 (Kent et al., 2002), was previously identified
as statistically significantly associated with PD risk (Nalls et al., 2019). Relative expression
profiles for BST1, FAM200B, and CD38 mRNA in human tissues were explored by genotype at
that locus using GTExPortal version 8 (GTEx Consortium, 2020). Cell type-specific expression
data for human cortex was explored using the Human Protein Atlas database single cell database

(Karlsson et al., 2021), the Allen Brain Atlas (Allen brain atlas, 2006) or the Oldham Brain
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Expression Correlates database (Kelley et al., 2018). Cell type and region-specific transcriptional
data for mouse was downloaded from Dropviz.org; data were normalized to the total unique
molecular identifier (UMI) hits for each cell subcluster and multiplied by 100,000 similar to the
browser tool. Cell types were categorized based on criteria described in by others (Saunders et

al., 2018).

4.3 'H NMR Analysis

Striatum and midbrain samples from Cd38**, Cd38*", and Cd38” mice were microdissected
then pooled into 1.5 mL microcentrifuge tubes, snap frozen in liquid nitrogen, and stored at -80
°C. Tissues were placed in 15 mL tubes and 4 mL of 80% ice-cold methanol per gram tissue was
added. Tissues were homogenized using homogenizer pestles, followed by grinding for 30 s. 2
mL chloroform per gram tissue was then added to each sample, followed by homogenization for
30 s. An additional 2 mL of chloroform and 2 mL HPLC grade water per gram tissue was added
to each sample. Samples were incubated on ice for 30 min and centrifuged at 4,000g at 4 °C for
30 min. The upper aqueous layer of the supernatant containing metabolites was extracted for
NMR analysis. Samples were dried using a heat block at 42°C followed by lyophilization using a
freeze dry system. Samples were then dissolved in 0.6 mL D20 (99.96% D) and transferred to
NMR tubes. Tetramethylsilane (0 ppm) was added as reference.

Experiments were conducted at 25°C using a Bruker Avance I11-HD spectrometer (*H, 600 or
850 MHz) equipped with cryogenic triple-resonance probes. Data were processed and analyzed
with TopSpin (v. 4.2). *H spectra were recorded with 32k complex points, acquisition time of 1.6
s, recovery delay of 2.0 s, and pre-saturation of the residual HDO signal. A 0.5 Hz exponential

apodization was applied and data size doubled by zero-filling before Fourier transformation.
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Each spectrum was phased manually, and automatic baseline correction was achieved using 2"
order polynomial in the region 0.5-9.5 ppm. Integral intensities were scaled identically for all
spectra within each series. Final integration values for metabolites were the average of
integration values obtained for a set of five samples.

The High-Field NMR facility at the University of Alabama at Birmingham was established
through the NIH (1S10RR026478) and is supported by the UAB Comprehensive Cancer Center

(NCI grant P30 CA013148).

4.4 MACS Astrocyte Isolation

Astrocytes were isolated from Cd38*"*, Cd38*", and Cd38™ late-adulthood male mice after 1
year of age (12-14 months, X = 13.5 months) utilizing a MACS approach (Holt & Olsen, 2016;
Holt, Stoyanof, & Olsen, 2019). BG regions associated with Parkinson’s disease pathology
(striatum, thalamus, and substantia nigra) were microdissected from brain tissue for cell-specific
isolation. Tissue dissociation was performed as previously described (Holt & Olsen, 2016; Holt,
Stoyanof, & Olsen, 2019), whereby regions of interest were utilized for MACS. All dissections
were performed in modified artificial cerebral spinal fluid (120 mM NaCl, 3 mM KCI, 6 mM
2NaHCO3, 11 mM glucose, 5 mM HEPES, 200 uM CaCl, 1 mM MgCl) containing neuronal
activity inhibitors (20 uM CNQX, 20 uM D-AP5, 295-299 mOsm) to reduce glutamate
excitotoxicity. Briefly, BG tissues were removed then sectioned into 1mm pieces, followed by
papain dissociation (Worthington Biochemical Corporation, cat. LK003150). A series of
centrifugation (4°C, 300 RCF, 3-5 minutes, Eppendorf cat. 58048R) and PBS wash steps were
performed to retain cell containing tissue pellets. Supernatants were discarded and pellets were

resuspended in 0.5% w/v bovine serum albumin (Millipore Sigma, cat. A7030) in PBS for
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filtration (70 um, Fisher Scientific cat. 22-363-548) and attainment of BG cellular fractions. Cell
fractions were then treated with Miltenyi Biotec Microbeads to remove contaminating
endothelial cells (cat. 130-097-418) and myelin/oligodendrocytes (cat. 130-096-433). Samples
were incubated in microbeads for 10 minutes at 4°C followed by filtering through Miltenyi LS
columns (cat. 130-042-401). Samples were then treated with anti-CD31 microbeads (cat. 130-
092-263) for 10 minutes at 4°C to selectively isolate microglia by elution of magnetically
captured cells for collection. Finally, astrocytes were positively selected using the Miltenyi
ACSA-II microbead kit (cat. 130-097-679). Samples were first incubated with an FcR blocking
reagent for 10 minutes at 4°C immediately followed by an additional 10-minute incubation at
4°C with anti-ACSA-2 microbeads. After LS column filtration and elution, collected cells were
stored in 300 pL Trizol (ThermoFisher Scientific, cat. 15596026) and snap frozen before being

placed in storage at -80°C.

4.5 RNA-sequencing

Isolated BG astrocytes were gently lysed by syringe for preparation of RNA isolation (Zymo
Research, cat. R2062). RNA was extracted according to the Direct-zol RNA Microprep
protocols, including DNA-degradation with DNase I. Total RNA was eluted in 10uL of
DNAse/RNAse free water. Samples were submitted to Medgenome for rRNA depletion, quality
verifications, library construction, and ultra-low input RNA-sequencing. RNA integrity was
determined by Qubit fluorometric quantitation and tapestation bioanalyzer analysis. Collected
RNA was then converted to cDNA samples by using the Takara SMART-Seq v4Ultra low Input

RNA kit. Generated cDNA was checked for quality utilizing Quibit and tapestation measures,
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whereby libraries with marginal pass and higher quality for were used for pair-ended sequencing

on the NovaSeq 6000 platform.

4.6 Sequencing Analysis

After RNA-seq data acquisition, bases with quality scores less than 30 were removed and
adapters were trimmed from raw sequencing reads by Trim Galore (v 0.6.4). After trimming,
only reads with length greater than 30bp were mapped to mm10 by STAR (v 2.7.1a). Raw counts
and normalized counts for each gene were outputted by RSEM (v1.2.28). The raw counts were
used to identify differentially expressed genes by DESeq2 program (v 1.36.0). Genes with an
average TPM greater than 5 in at least one group and a g-value of less than 0.05 were considered
as differentially expressed genes. Differentially expressed genes £1.2 fold-change (FC) were
used for GO enrichment with R package clusterProfiler (v4.4.4) and org.Mm.eg.db (v3.15.0) (Yu
et al., 2012). DEGs were further evaluated relative to available datasets representation PD risk
association studies (Kia et al., 2021; Yao et al., 2021; Zhou et al., 2023), genes involved in
reactive oxygen species (ROS) pathways (Rouillard et al., 2016), and mitochondrial function
(Rath et al., 2021).

GO chord plots were generated with R package GOplot (v1.0.2) (Walter et al., 2015). GO
enrichment terms were then hand-curated into groups relevant to the hallmarks of
neurodegenerative diseases (Wilson et al., 2023) and organized by largest fold-change to

generate related figures.
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4.7 Metabolic Assays

Functional metabolic assays were performed on late-adulthood aged Cd38*'*, Cd38*", and
Cd387 mice from a convenience sample of male and female BG (8-12 months, X = 10.34
months). Whole BG were removed via microdissection and snap-frozen for protein-based
applications. Samples were brought to the Virginia Tech Metabolism Core for functional
measures of mitochondrial bioenergetics. Measures of pyruvate dehydrogenase, citrate synthase,
and cytochrome c¢ oxidase enzymatic activity were assayed utilizing specialized kits (see below).
Midbrain samples were homogenized in SET buffer (250 mM sucrose, 1 mM EDTA, 10 mM
Tris-HCL, and 1 mM ATP, 7.4 pH) then distributed across assays. Data was normalized to total
protein content per sample.

Pyruvate dehydrogenase activity assessed by measuring **CO; production from [1-3C]-
pyruvic acid (Perkin Elmer, Waltham, MA). Samples were first incubated in 0.35 uCi/mL of [1-
14C]-pyruvic acid for 1 hour. Next, the media was acidified by 45% perchloric acid for 1 hour to
release 4CO; for capture in a tube containing 1M NaOH. After 1*CO; capture, the NaOH was
transferred to a scintillation vial with 5 mL of scintillation fluid. A scintillation counter (LS
4500, Beckman Coulter) was then used to measure 4CO> presence.

Citrate synthase function was determined by measuring the reduction of DTNB by, a process
downstream of citrate synthase’s catalyzation of citrate and CoASH from acetyl-coA and
oxaloacetate. Homogenized midbrain samples were added in duplicate to 170 pL solution
containing Tris buffer (0.1M, pH 8.3), DNTB (1mM, in 0.1M in Tris buffer) and oxaloacetate
(0.01M, in 0.1M Tris buffer) at a 1:5 ratio of sample to buffer, respectively. Spectrophotometer

(SPECTRAmax ME, Molecular Devices Corporation, Sunnyvale California) readings were taken
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after background subtraction. To initiate the reaction, 30 uL of 3mM acetyl-CoA per sample and
kept at 37°C. Absorbance (405nm) was measured every 12 seconds for a total of 7 minutes.
Cytochrome c oxidase activity was evaluated by measuring the oxidation of rate of
ferrocytochrome c to ferricytochrome c by cytochrome c oxidase. Homogenized samples (5 pL)
were added to a solution (290 pL) containing 2 mg/mL reduced cytochrome ¢ and 10 mg/mL
sodium dithionite dissolved in a 0.1M potassium phosphate buffer. Absorbance measures
(550nm) were taken every 10 seconds for 5 minutes to measure the oxidation rate of reduced

cytochrome c by cytochrome c oxidase.

4.8 Primary Astrocyte Cell Culture

Primary Cd38**, Cd38*", and Cd38™ astrocyte cultures were generated from BG of
postnatal day 3-5 pups. Astrocyte isolations were similarly prepared via MACS method as
described in previous sections (see “Astrocyte Isolation”). Agilent Seahorse XF24 24-well cell
culture microplates (cat. 100777-004) were treated with 0.1 mg/mL poly-ornithine (Millipore
Sigma, cat. P3655) and 1 pg/cm? laminin (Millipore Sigma, cat. L2020). After MACS astrocyte
isolation, cells were suspended in serum-free defined astrocyte media (neurobasal plus medium
(Thermo Fisher Scientific, cat. A3582901), 1x B27 plus, 1x Glutamax (Thermo Fisher Scientific,
cat. 35050061), 1 mM sodium pyruvate, 625 U/mL penicillin/streptomycin (Thermo Fisher
Scientific, cat. 15070063)). Cells were seeded at 30K cells per well in 250 pL serum-free
astrocyte media. Plates were housed at 37°C with 5% CO, for the duration of experiments. Half-
volume media changes took place every 5 days until 21DIV, when cells were prepared for

immunocytochemistry and Agilent Seahorse XF Mito Stress experiments (see section 4.7).
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4.9 Agilent Seahorse XF96 Mito Stress Test

At 21 DIV, BG primary astrocyte culture plates (see section 4.6) were prepared for Agilent
Seahorse XF96 Mito Stress Test assessment (cat. 103015-100) to measure mitochondrial
oxidative phosphorylation function. Extensive protocol details can be found in published
citations (Anderson et al., 2014). In brief, one day prior to running the experiment, injection
plates were calibrated in 1 mL Agilent calibration solution. On the day of the experiment run,
serum-free defined astrocyte media was removed from all wells. Wells were then washed 3 times
with Agilent DMEM. After the final wash, all wells were brought to a final volume of 675 pL
DMEM and left to incubate at 37°C, without COg, for 1 hour. During this time, mitochondrial
stress test reagents oligomycin (5 uM), FCCP (6 uM), and rotenone (10 uM) stocks were
prepared and loaded into the injection cartridge. The calibration cartridge is then used to
calibrate settings prior to each run. After 1 hour of incubation, plates were run according to
standard Agilent Mito Stress Test protocols.

The mitochondrial stress test is performed in phases, during which, OCR is evaluated in each
well and normalized to total protein content as measured by bicinchoninic acid assay (BCA,
ThermoFisher cat. 23225). First, basal respiration is measured as a baseline series of
observations. Following basal respiration measures, oligomycin is administration into each well
to measure proton leakage. Next, FCCP is administered in order to evaluate maximal respiration.
Differences between the OCR rise after FCCP administration and the reduced OCR during
proton leak measures serves as an indicator of ATP-linked respiration. Mitochondrial spare
capacity can be derived by measuring the OCR difference between maximal respiration and
basal respiration following FCCP administration. Finally, antimycin A and rotenone are added to

measure non-mitochondrial respiration. Following each run, all wells were washed 2 times in
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PBS followed by addition of 50 L RIPA lysis buffer to each well. Plates were then stored in -
20°C overnight, followed by protein collection and assessment of protein content by BCA
(Thermo Fisher Scientific, cat. 23225) the following day.

Mitochondrial glycolytic function can also be evaluated during the Mito Stress Test
paradigm, similar to methods described for measures of oxidative phosphorylation. The Agilent
Seahorse XF96 simultaneously measures ECAR in each well alongside OCR measures. ECAR
measures during the basal respiration period serve as measures of basal glycolysis. ECAR values
between oligomycin and FCCP administration are indicative of glycolytic capacity. The
difference in ECAR values between glycolytic capacity and basal glycolysis indicates glycolytic
reserve. As previously stated for OCR measures, all ECAR data is normalized to total protein per

well as determined by BCA.

4.10 Statistics and Software

R studio (Posit, PBC) was used to analyze RNA-seq datasets and generate GO pathway
analysis figures. Prism software (GraphPad) was used to generate DEG and bioenergetic-related
figures Kruskal-Wallis ANOVA analyses and post-hoc tests were also performed with Prism

software. For all statistical tests, alpha was set to a < 0.05.

48



Chapter 5: Results
5.1 Cd38 expression is most enriched in astrocytes of the substantia nigra

When evaluating Cd38 expression by cell type, single-cell sequencing datasets reveal that
astrocytes have the highest expression followed by oligodendrocytes, microglia, and neurons,
respectively (Fig. 17A, left). Cd38 was also identified to be enriched in astrocytes of the
midbrain (Fig. 17A, center) amongst other basal ganglia regions (Fig. 17A, right). We utilized
fluorescence in situ hybridization (FISH) to further evaluate CD38 expression in wild-type
(Cd38**) and Cd38 knockout (Cd387) mouse substantia nigra parc compacta (SNc, finding that
Cd38 expression is colocalized to astrocytic marker, Gjal, in Cd38** mice (Fig. 17B).
Furthermore, Cd38 was not found to colocalize with dopaminergic cell markers, Th, in either
Cd38** or Cd38” mice (Fig. 17C). Similar to curated data findings (Fig. 17A), SNc Cd38 FISH
pixel intensity was found to be increased in astrocytes of the SNc relative to striatal astrocytes
(Fig. 17D). Using reverse-transcription PCR to quantify relative differences in Cd38 expression
amongst genotypes, it was further confirmed that Cd38 depletion was induced in knockout

models (Fig. 17E).
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Figure 17. Determinations of CD38 specificity in astrocytes. (A) A DropViz (Saunders et al.,
2018) meta-analysis reveals that astrocytes have high Cd38 abundance relative to other cells (left),
especially so in midbrain regions (middle). Furthermore, basal ganglia-related populations show
high abundance (right). (B) Representative FISH images of Cd38*'* (top) and Cd38” (bottom) for
tyrosine hydroxylase (Th), connexin-43 (Gjal), and Cd38 in the SNc. (C) Astrocytic marker Gjal
colocalizes with Cd38, not DA neuronal markers (Th) in Cd38** animals. Cd38” animals show
significant decrease of colocalization. (D) Relative to striatum, substantia nigra has significantly
increased Cd38 in Cd38*'* animals. (E) rt-PCR measures of Cd38 indicate that that Cd38” have
significantly reduced transcripts relative to Cd38** animals. Significance attributions are as
follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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Importantly, astrocytic enrichment of CD38 is relevant to understanding how glial may play
a contributing role in PD pathogenesis. The CD38 gene is located in chr4_15735476_C_A b38
in humans, a region containing other genes of importance (Chapter 2.4, Fig.12A). GWASSs have
identified numerous SNPs that modulate PD risk to exist within this region (Chen et al., 2014; J.
Li et al., 2019; Sharma et al., 2012). Amongst these studies, SNP variant rs11724635 repeatedly
has been found to increase risk odds of PD development. This particular variant specifically
results in decreased CD38 expression without altering expression of FAM200b or BST1 (Chapter
2.4, Fig. 12A). Furthermore, rs11724635 is associated with decreased CD38 expression across
brain regions associated with motor function (Chapter 2.4, Fig.12B). Based upon our
determinations of astrocytic enrichment of CD38, we sought to further evaluate how a clinically-

relevant disruption of CD38 expression may impact astrocytic functions.

5.2 Cd38” have elevated NAD and depreciated NAM within basal ganglia

The canonical activity of CD38 is to enzymatically function as an NADase and ADP-ribosyl
cyclase, whereby NAD is degraded to generate ADPR/CADPR and NAM (Aksoy et al., 2006;
Howard et al., 1993). It has also been previously demonstrated that CD38" animals have
increased NAD content across peripheral tissues (Camacho-Pereira et al., 2016). Given initial
findings regarding SNP rs11724635 and the associated decrease in CD38 expression (Fig. 12),
we sought to explore the relationship in a translationally relevant heterozygous knockout
(Cd38*") that recapitulates the approximately 50% decrease in CD38 expression. 12-month-old
Cd38*"*, Cd38*", and Cd38” mouse striatum and midbrain tissues were isolated for *H NMR
analysis of NAD and NAM content. Spectra recordings indicated that Cd387 mice have elevated

NAD and reduced NAM (Fig. 18A). Upon analysis, it was confirmed that Cd38”striatal and
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midbrain samples had increased NAD and reduced NAM relative to Cd38** peer-matched
controls (Fig.18B-C). Interestingly, Cd38” midbrain tissue had elevated NAD relative to Cd38*"
animals, but not in the striatum. In regards to NAM, Cd38™ also had significantly reduced
content relative to Cd38*"- samples in both midbrain and striatum. The ratio between NAD/NAM
content was calculated, revealing that Cd38” significantly shifted upwards towards NAD
abundance relative to NAM levels in both striatum and midbrain when compared to Cd38*'* and
Cd38*" animals (Fig. 18D). These findings are in line with previous literature evaluating the
effects of CD38 deficiency on NAD balance within Cd38” animals (Aksoy et al., 2006; Braidy
et al., 2014). However, these are the first instances in which NAD/NAM evaluations have been

experimentally determined in brain regions that are translationally relevant to PD.

52



¥ ° 2 3 e NAD

cazs”__ kA ¥NAM

Cd38”" _, J -

| LI S S S S e S e S B S S S S B S H S I S S S B B S S e E e s e

ppm 9.3 9.2 9.1 9.0 8.9 8.8 8.7

®
M

cd3s”___ A M . A .
A

ns
**** ****

**** ‘ ns ‘
1

(-]

o
(=]

|

[+ ]
|

P ns

150 % %k %k k *
1 Ins ns ns ; ,—|
] . ns kk

*okok K
[hs #x]

B
‘iw M, T

04— T T 0 ——7— L 0 T T
X P R \' s \’ x\* \ A \ ,\'

A
> oD P ® oD P S oD > D % % ‘b & oD
FFEF FFS P Oe;b S 0& & d{b &P Ogb

Midbrain Striatum Midbrain Striatum Midbrain Striatum

2]
o

IS

o

'S
|

(normalized)
Ratio of NAD/NAM

(Norm. Ave. Int. Quantity)

[2.]
o
IR EEEE Nl FR R

N

o

N
|

Average Integrated Quantity
(normalized)
—
=
=3
. 1
=
Average Integrated Quantity

Figure 18. NAD and NAM levels are altered in Cd387 mice. (A) *H NMR spectra of three
representative midbrain tissue samples containing NAD and NAM. Plots showing quantifications
of NAD (B) and NAM (C) as average integrals of the *H NMR signals. NAD levels are elevated
in Cd387 animals while NAM is decreased across basal ganglia regions. (D) NAD/NAM ratio
comparisons show a significant shift in NAD relative to NAM content in Cd38” mice. p < 0.05
(*), p<0.01 (**), p<0.001 (***), p <0.0001 (****).
5.3 Cd38 depletion dysregulates astrocyte gene expression

CD38 expression has been shown to influence astrocyte development and mediate functions
that manifest in behavioral deficits (Hattori et al., 2023; Hattori et al., 2017). These studies,
however, did not transcriptionally evaluate astrocytes in vivo or in the context of advanced age.
We sought to fill this gap in knowledge by using RNA-sequencing in aged animals to better

identify how Cd38 may transcriptionally regulate astrocytes beyond postnatal periods. Cell-
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specific MACS isolation protocols were utilized to collect 12-month-old (12-14 months, X = 13.5
months) basal ganglia (globus pallidus, putamen, thalamus, substantia nigra) astrocytes in
Cd38**, Cd38*", and Cd38™ for next-generation RNA-seq applications. Pairwise comparisons
between Cd38*" to Cd38** and Cd38™ to Cd38** were performed to identify DEGs, followed
by a GO pathway analysis. RNA principal component analysis did not reveal any particular
grouping patterns between genotypes (Fig.19A). Transcript correlations between groups also

indicates similarity in astrocytic cellular identity (Fig.19B).
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Figure 19. PCA and transcript similarity by heatmap. (A) Principal component analysis
showing spread of samples from RNA-seq. (B) Heatmap organized by r? value showing correlation
amongst sample transcripts.

We were able to identify 349 significant DEGs in Cd38*" to Cd38*'* comparisons (Fig. 20A-
B, Table 2). Of these, 90 DEGs are unique to the Cd38*" to Cd38** comparison while 260
DEGs identified are shared were also found in Cd38” to Cd38** comparisons. Altogether,

approximately 75% of DEGs identified in Cd38* were identified in Cd38” comparisons. In

terms of expression directionality, there was a total of 183 upregulated DEGs and 166
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downregulated DEGs in Cd38™" comparisons, indicating no particular directional change
towards upregulation nor down regulation of genes. When increasing FC stringency to 1.2, we
found that the number of upregulated and downregulated genes remained unchanged. Further
scrutiny at FC £1.5 identified that the great majority of genes (322) remained differentially
expressed.

A total of 1,480 significant DEGs were identified in Cd38” to Cd38** comparisons (Fig.
20A-B, Table 2). We found that 1,220 DEGs were unique to Cd387 comparisons, with the
remaining 260 DEGs also found in Cd38*" to Cd38** comparisons as previously stated. The
unique set of Cd38” DEGs compromise approximately 82% of comparisons. Of the total number
of significant DEGs identified, 718 were upregulated while 762 were downregulated. Increasing
FC cutoff to +1.2-fold change results in identification of 716 upregulated and 760 downregulated
DEGs. Applying the more stringent +1.5-fold expression cutoff left a remaining 591 upregulated

DEGs and 517 downregulated DEGs.
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Cd387 comparisons to Cd38*'*.
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Sig. DEGs Astrocyte
(g <0.05)
Cd38+/- Cd38-/-
Total DEGs 349 1,480
Upregulated DEGs 183 718
Downregulated DEG 166 762
Expression FC +/-1.2 Astrocyte
(g <0.05)
Cd38+/- Cd38-/-
Total DEGs 349 1,476
Upregulated DEGs 183 716
Downregulated DEG 166 760
Expression FC +/-1.5
Astrocyte
(q <0.05)
Cd38+/- Cd38-/-
Total DEGs 322 1,108
Upregulated DEGs 167 591
Downregulated DEG 155 517

Table 2. Significant DEGs by expression directionality and fold-change cutoff. All
significant DEGs identified in comparisons (top) and DEGs remaining after increasing fold-
change stringency to 1.2 (middle) and £1.5 (bottom). Significance set to q < 0.05 for all
displayed data.

Within the overlapping DEGs identified from pair-wise comparisons, we identified that
classical genes that regulate water homeostasis (Agp4) and cytoskeletal architecture (Gfap) are
upregulated in Cd38*" and Cd38 astrocytes. Gfap is of particular interest as its upregulation
suggests elevation in reactive astrogliosis (Lawrence et al., 2023). Astrocytes are also capable of
responding to immune system signals and responding as immune effectors (Dong & Benveniste,
2001). In our overlapped DEGs dataset, we identified upregulation in immune function genes

that regulate cytokine-induced responses (Cxcl5) and compliment system activity (C4b) in

CD38-deficient astrocytes. Relevant to the hallmarks of neurodegenerative disease, CD38-
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deficient astrocytes also had disruptions to genes that regulate DNA/RNA functions (Trex1),
protein homeostasis (Ubb), and cellular bioenergetics (Cox10). Dysregulation of groups of genes
that regulate RhoGTPase activity (Arhgap27, Arhgdia, Arhgef16), Krippel-like factors (KIf2,
KIf6), solute carriers (Slc12a6, Slc38a5), transmembrane proteins (Tmem161b, Tmem204), and
zinc finger proteins (Zfp251, Zfp407, Zfp551) are amongst the many DEGs identified within the
overlapping dataset. It is important to note, that thin the overlapped DEGs group, directionality
was shared between Cd38*" to Cd38** and Cd38™ to Cd38**pairwise comparisons (Fig. 21).
Altogether, dysregulation of essential biological processes is suggested by induction of CD38

deficiency.
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Figure 21. Heatmap of overlap in Cd38*- and Cd38” pairwise comparisons. Heatmap
organized alphabetically and placed in numerical order to highlight consistency within
overlapped DEGs. Color corresponds to log2FC value. All data meets statistical significance (q <
0.05).
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Given that CD38 function is implicated in PD (Zhou et al., 2023) cADPR-induced
inflammation (Wei et al., 2014), and NAD-related bioenergetics (Lautrup et al., 2019), we
sought to cross reference our DEG findings with available datasets. First, we examined our
pairwise comparisons relative to PD TWAS, GWAS, and PWAS datasets (Kia et al., 2021; Yao
etal., 2021; Zhou et al., 2023). Numerous astrocytic DEGs were matched to genes implicated in
PD risk (Fig. 22A). CD38*" comparisons had 11 matches while we identified 32 CD38" DEG
matches. Most interestingly, both Cd38*" and Cd38™ astrocytes show increased expression of
Lrrk2, a gene responsible for the majority of autosomal dominant PD cases in humans (Usmani
et al., 2021). Cd38™ astrocytes also have upregulation in Prkn, another gene implicated in high
penetrance PD. These results suggest that reductions in Cd38 are sufficient to induce changes
amongst numerous genes implicated in PD.

We next evaluated our comparisons to genes implicated in reactive oxygen species (ROS)
pathways (Rouillard et al., 2016). In this cross-comparison, there were 22 CD38*- and 74 in
CD387 ROS-related DEGs. Of note, Apoe was identified as downregulated in both comparisons
(Fig. 22B). This finding is interesting as Apoe is implicated in astrocytic regulation of neuronal
excitability (Konings et al., 2021) as well as in neurodegenerative disease (Ferndndez-Calle et
al., 2022). Sod3 downregulation has also been implicated in human PD risk (llyechova et al.,
2018) and was also found to be downregulated in Cd38*" and Cd38”-comparisons (Fig. 22B).
Regulation of ROS is paramount, as free radicals are able to intercept electrons and damage
cellular DNA, proteins, and membranes. Additionally, increased cellular ROS accumulation
incurs mitochondrial damage and can contribute to bioenergetic dysfunction (Nissanka &

Moraes, 2018).
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Figure 22. Identified DEGs in Cd38-defient astrocytes relative to PD and ROS datasets. (A)
Heatmap for comparisons against available TWAS, GWAS, and PWAS datasets of PD-risk
implicated genes. (B) Heatmap of ROS genes dataset comparisons, organized in alphabetical order
and placed side-by-side. Color corresponds to log2FC value. All data meets statistical significance
(g <0.05).

Mitochondrial dysfunction is highly associated with NDDs and PD, therefore, we sought
to determine if our datasets indicate mitochondrial perturbations. Utilizing the MitoCarta 3.0
database (Rath et al., 2021), we evaluated our DEGs against those established to be directly
involved with mitochondrial function. Cd38*" and Cd38”-comparisons indicated that 18 and 114
DEGs, respectively, are implicated in mitochondrial function (Fig. 23). Shared amongst identified

genes are those that mediate fatty acid synthesis (Acacbh), complex 1V activity (Cox10), protein

synthesis (Mrpl41), complex I activity (Ndufb7), and DNA regulation (Toplmt). Dysregulation of
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complex | and IV genes are directly tied to mitochondrial ATP-production, implicating

mitochondrial bioenergetics may be perturbed.
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5.4 Dysregulation by CD38-deficiency implicates hallmarks of neurodegeneration

Following DEG identification, we performed a GO pathway analysis to evaluate if any
biological processes were dysregulated as a result of CD38-deficiency. GO analysis was
performed with significant DEGs with an expression fold change of +1.2. In Cd38*" to Cd38*/*
comparisons, we identified 563 significant GO terms in total. Further evaluations of
directionality by upregulated DEGs found 181 significant GO groups with downregulated DEG
input finding 23 GO terms.

Given the translational relevance of CD38 reductions and the associated increase in PD risk,
we sorted biological process GO terms by groups associated with the hallmarks of NDDs
(Wilson et al., 2023) using GO terms identified from total (upregulated and downregulated) DEG
input. GO groups were identified for all major hallmarks relating to the major features of PD,
namely cell death, protein regulation, CNS cell function, and bioenergetics then sorted by total
gene count involved per GO term to identify genes of interest (Fig. 24A). While all ND relevant
hallmarks were identified, no group had larger than 20 DEGs counted within a term. DEG and
GO indications both suggest that major hallmarks of PD, namely bioenergetic (Fig. 24B) and
CNS cell function (Fig.24C), are dysregulated. Out of all GO terms, bioenergetic groups
represented approximately 7% of the dataset, while CNS cell function represented approximately

6% of all terms.
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Figure 24: GO pathway analysis of Cd38*- astrocytes reveal familiar hallmarks of
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gene count highlights genes of interest common to indicated terms.

GO pathway analysis of DEGs identified in Cd38” to Cd38** comparisons were also
performed utilizing significant DEGs with a minimum fold change of +1.2. Utilizing these

thresholds, we revealed 723 total significant GO terms. Inputting solely upregulated DEGs into
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the GO analysis revealed 181 terms, while inputting downregulated DEGs resulted in finding
288 GO group terms. Similar to Cd38*" to Cd38*"* comparisons, further evaluation of GO terms
identified from total DEGs analyses resulted in identification of GO groups associated with the
hallmarks of ND (Fig. 25A). Relative to Cd38* comparisons, Cd38” engaged more DEGs per
group, with counts in some groups reached as high as 56 genes involved (Fig. 25A). Bioenergetic
GO pathways (Fig. 25B) and CNS cell process (Fig. 25C) are highlighted again, as they strongly
relate to human PD and functional disruptions previously indicated by others. In Cd38”
comparisons, bioenergetics accounted for approximately 5% of total GO pathways while CNS

cell function represented an additional 4%.
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Figure 25. GO pathway analysis of Cd38 astrocytes similarly reveal familiar hallmarks of
neurodegeneration. (A) GO bubble plot is organized based on neurodegeneration hallmarks. The
top 5 biological process (BP) GO terms by gene count per term are displayed for each group.
Bubble color indicates the log10 g-value while the circle size indicates gene count per term. (B)
GO chord plot of top 10 bioenergetics-related genes by total gene count highlights genes of interest
common to indicated terms. (C) GO chord plot of top 10 CNS cell function-related genes by total
gene count highlights genes of interest common to indicated terms.
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5.5 Reductions in Cd38 alter bioenergetics

We next sought to better understand if CD38 deficiency has discernable effects on
mitochondrial function in midbrain tissues from late-adulthood CD38 Cd38**, Cd38*", and
Cd387 animals (8-12 months, X = 10.34 months). Measures of pyruvate dehydrogenase and
cytochrome c oxidase activity were of interest given our RNA-sequencing dataset showing
differential regulation of genes involved with these functions. Importantly, pyruvate
dehydrogenase and cytochrome c are crucial for ATP synthesis via oxidative phosphorylation.
While citrate synthase genes did not show differential expression in our dataset, functional
measures of activity serve as a representation of mitochondrial content. We found that there were
no differences between genotypes in measures of pyruvate oxidation and cytochrome c oxidase
activity (Fig. 26A-B). There was, however, increased citrate synthase activity in Cd38” to
Cd38** comparisons (Fig. 26C). While general mitochondrial function remains unchanged
between groups, the increased citrate synthase activity of Cd38” samples suggests that there may

be bioenergetic changes if further evaluated.
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Figure 26. CD38 deficiency mildly alters global bioenergetics. (A) BG tissues from LA animals
(8-12,x= 10.34 months) did not show differences in pyruvate oxidation between groups. (B) LA
animal tissue also did not differ in measures of cytochrome C oxidase activity. (C) However,
Cd38" tissues show increased citrate synthase activity in compared to Cd38*/* (f(2,14) = 5.018, p
<0.261).
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Based on the implication of altered mitochondria number in Cd38” conditions, we evaluated
the bioenergetic capacity of isolated astrocytes. We generated an astrocyte culture by utilizing
our previously described technique (Holt & Olsen, 2016; Holt, Stoyanof, & Olsen, 2019) and
seeded cells within Seahorse XF 24-well plates in preparation. At DIV21, cells were prepared for
Seahorse evaluations of oxygen consumption and acidification by glycolysis across a
mitochondrial stress test paradigm. Analysis was performed similar to others (Anderson et al.,
2014; Sonntag et al., 2017), where comparisons were made between measurable periods that
signify basal respiration, ATP-linked respiration, proton leak, maximal respiration, spare
respiratory capacity, non-mitochondrial use, and the coupling effect of oxygen consumption to
ATP production. Glycolytic measures were derived from the observation period similarly to
previous works (Sonntag et al., 2017).

Seahorse oxygen consumption rate (OCR) measures serve as indications of mitochondrial
respiration. OCRs were significantly different in Cd38*"to Cd38** comparisons for basal
respiration and non-mitochondrial oxygen use (Fig. 27A-B), whereby Cd38*samples had
higher an elevated OCR. Similarly, Cd38 to Cd38*"* comparisons revealed increased OCR in
Cd387 samples during basal respiration, proton leak, and non-mitochondrial oxygen use (Fig.
27B). Altogether, the mitochondrial profile of Cd38*-and Cd38™ suggest that astrocytic
expression of CD38 modulates mitochondrial function and membrane integrity.

The Seahorse platform allows for simultaneous measure of extracellular acidification rate
(ECAR) during the length of the experiment and acts as an index of glycolysis. ECAR measures
were used to evaluate basal glycolysis, glycolytic capacity, and glycolytic reserve. Compared to
Cd38*"* samples, Cd38*" astrocytes had increased ECAR during basal glycolysis (Fig. 27C-D).

No significant differences were found during glycolytic capacity or reserve in Cd38*" to Cd38**
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comparisons (Fig. 27D). Cd38” to Cd38*'* comparisons found increased Cd387- ECARs during
basal glycolysis and glycolytic capacity measures (Fig. 27D). A reduced glycolytic reserve
ECAR was also observed in Cd387 samples compared to Cd38*"* (Fig. 27D). Our glycolytic
measures indicate that CD38 deficiency affects astrocyte glycolytic function alongside altered
oxygen consumption. Astrocytes are largely glycolytic relative to other CNS cells (Rose et al.,
2020), thus, perturbations within glycolytic function may have functional consequence beyond

measures indicated here.
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Figure 27. Seahorse XF96 analysis identifies mitochondrial dysfunction in CD38-deficient
astrocytes. (A) Seahorse XF Mito Stress Test measures of oxygen consumption rate measures of
Cd38™*, Cd38*", and Cd38” across time suggest differences in mitochondrial function between
groups. (B) Oxygen consumption between Cd38*'*, Cd38*", and Cd38 astrocytes differed during
measures of basal respiration (H(3)= 36.93, p < 0.0001), proton-leak (H(3)= 8.028, p = 0.0181),
and non-mitochondrial oxygen consumption (H(3)= 29.89, p < 0.0001). (C) Similarly,
extracellular acidification rates appear different between groups and suggest glycolytic
dysfunction. (D) Extracellular acidification between groups differed when evaluating basal
glycolysis (H(3)=39.97, p < 0.0001), glycolytic capacity (H(3)=16.78, p < 0.0002), and glycolytic
reserve (H(3)=8.157, p < 0.0169). Significance attributions are as follows: p < 0.05 (*), p < 0.01
(**), p <0.001 (***), p < 0.0001 (****)
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Chapter 6: Discussion
6.1 Cd38 and translational relevance

While the pathology of PD has been well documented, there still exists a large gap in our
current understanding of genetic and environmental risks that precipitate dopaminergic cell loss
(Skrahina et al., 2021; Vollstedt et al., 2023). The SNP variant rs11724635 has been implicated
as a risk gene in multiple GWAS studies and meta-analyses (Chen et al., 2014; J. Li et al., 2019;
Sharma et al., 2012). In humans, rs11724635 is associated with decreased CD38 expression
without alterations to nearby genes FAM200b and BST (Chapter 2.4, Fig. 12). Cd38*" mice serve
as a relevant analog to this mutation, while Cd38” animals allow us to better understand the
biological contributions of CD38 expression. This two-model approach has proven useful, as
Cd38*"- and Cd387 mice show some similarities and differences in NAD/NAM balance, DEGs
identified, GO pathways implicated, and mitochondrial function. Across all measures, Cd38”
animals were notably more dysregulated than their Cd38* peers, an important distinction that
allows for identification of targets that may be otherwise difficult to interpret simply from
Cd38*"to Cd38™* comparisons. This distinction between levels of CD38 deficiency may prove
useful in further evaluation of the interaction between rs11724635 risk and environmental
contributions. Chinese and Taiwanese populations, for example, have an increased odds-risk-
ratio of PD if identified with the rs11724635 SNP, whereas Japanese population studies did not
find this association (Chen et al., 2014; Miyake et al., 2012; Zhu et al., 2017). While the genetic
basis associated with rs11724635 is similar, environmental factors may differentially interact
within these populations to confer risk. Similarly, the differences observed in our Cd38*" and
Cd387- models may allow us some insight into how rs11724635, environmental contributors, and

aging may interact to confer specific risk to specific populations.
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6.2 Astrocytic bioenergetic perturbations as a consequence of CD38 deficiency

The role of CD38 in relation to CNS health and function has been a growing topic of interest
due, in part, to the therapeutic potential of boosting NAD levels in aged persons. In
physiologically healthy contexts, CD38 function in the brain facilitates glial development
(Hattori et al., 2017) and regulates NAD/NAM balance (Aksoy et al., 2006). During aging, this
balance is disrupted in part due to increased expression and activity of CD38 across tissues
(Camacho-Pereira et al., 2016; Guerreiro et al., 2020). Here, we demonstrate that astrocytes
within the basal ganglia are most associated with Cd38 expression (Fig. 17). We also show that
NAD/NAM balance is shifted shifting in favor of NAD abundance in the context of severe CD38
deficiency (Fig. 18). These findings are relevant, as they corroborate the limited research
currently available regarding bioenergetic alterations in relation to age-related changes within the
context of novel PD risk-associated gene, CD38. Even further, these data provide further context
to how global alterations of CD38 may perturb astrocytes

Modulation of mitochondrial function has also been linked to CD38 activity (Camacho-
Pereira et al., 2016; Meyer et al., 2022). Bioenergetic dysfunction is well-established as a feature
of neurodegenerative pathologies, including PD. Some reports have linked reductions in CD38 to
increased mitochondrial function (Camacho-Pereira et al., 2016; Meyer et al., 2022), with our
own transcriptional dataset and bioenergetic profiles similarly recapitulating these features in
astrocytes (Fig. 23-27). There is a discrepancy herein, however, whereby reductions in CD38
drive increased mitochondrial activity while simultaneously conferring increased risk of PD risk.
Additional evaluation of PD models (MPTP induced, LRRK2, PRKN, etc.) in addition to CD38-

based mutant models or via pharmacological inhibition may help demystify how both events can

72



coexist. Further study of astrocytic, neuronal, and other CNS cell responses to CD38 modulation

may further strengthen our understanding of these interactions.

6.3 Loss of CD38 as it relates to PD and age-related inflammation

Astrocytes themselves are integral to all aspects of CNS function as contributors to
neuronal function, blood-brain barrier support, and responding to CNS insult amongst numerous
other roles as major support cells (Patani et al., 2023). Unsurprisingly, dysfunctional astrocytes
are implicated in nearly all neurodegenerative disorders as being directly or indirectly affected
within the context of disease. Our sequencing dataset identifies dysregulated genes associated
with PD, as well as a small number of astrocytic genes that regulate function and reactive
astrogliosis (Gfap). Overexpression of Lrrk2, for instance, modulates autophagy-lysosome
functions (Kam et al., 2020) and is an established cause of PD we identified as upregulated in
Cd38*and Cd38” astrocytes relative to controls. Cd38astrocytes also had increased Prkn
expression, which has a demonstrated role in modulating cellular stress (Singh et al., 2018).
Importantly, our transcriptional DEG and GO pathway analyses indicate disruption of numerous
paths relevant to NDDs.

The combinatory effect of dysregulation amongst ROS, mitochondrial, and
neurodegenerative hallmark pathways is of important consideration, as manifestation of
idiopathic PD is believed to manifest as a result of convergent, deleterious events that induce DA
neuronal death. Generally, we found that ROS-related astrocyte DEGs had reduced expression,
which may be reflective of reduced inflammatory states in CD38-deficient models similar to
reports by others (Roboon et al., 2019). DEGs common to both Cd3*"and Cd38” indicate that

reductions in CD38 influence functions relating to metabolic oxygen utilization (Cyp1bl),
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antioxidant defense (Nostrin, Sod3), and inflammatory signaling (Junb, Rora). Across the aging
process, ROS inflammatory drive is increased and contributes to neurodegenerative disease
pathology (Zhang et al., 2023). Likewise, increased ROS generation . Based upon the established
relationship of inflammaging to PD development, one may suspect that reduced astrocytic
inflammatory profiles by CD38 loss may be beneficial; however, this concept is not corroborated
by human data (Ge et al., 2023; Yao et al., 2021; Zhou et al., 2023). While reductions in CD38
may appear to induce anti-inflammatory states in astrocytes, they may instead be indicative of a
loss of immunocompetence. In models of the autoimmune disease lupus, for example, Cd38
deletion resulted in accelerated disease progression, suggesting that the contributions of CD38 to
inflammation may be beneficial (Viegas et al., 2011). Traumatic brain injury facilitates
inflammatory signaling and ROS generation, and similar to lupus findings, Cd38 deletion in
closed-head injury mouse models were more severely impaired than controls (Levy et al., 2009).
Altogether, the benefits and risks associated with changes in CD38 presence and activity may be

contingent upon context and require further investigation.

74



Chapter 7: Summary and Future Directions
7.1 Summary

Parkinson’s disease affects millions globally, yet despite an increasing case prevalence
(Rajan & Kaas, 2022), we understand little regarding what specific events instigate PD
pathology. This dissertation seeks to elucidate how the decreased expression of the PD risk gene,
CD38, influences astrocytes. The work presented here demonstrates that deficiencies in CD38
modulates astrocyte gene expression, molecular pathways associated with the hallmarks of
neurodegeneration, and mitochondrial bioenergetics. These findings further our understanding of
how CD38 facilitates astrocyte function in the aging brain, while simultaneously providing
evidence for how its dysregulation maybe tied to neurodegenerative features. Our dataset will be
readily available for future researchers to further evaluate risk genes and pathways identified
here for further evaluation of this intersection that lies between aging, gene risk, and cellular

perturbation.

7.2 Future directions

Our findings suggest astrocyte dysfunction as a result of CD38 deficiency; however, there are
additional layers of complexity before we can directly link our results to PD development. The
most immediate of which is the evaluation of DA neurons within the SNc. Future work will aim
to understand how decreased Cd38 expression in translationally relevant Cd38*"- models affect
DA neuronal gene expression, health, and function. Most immediately, our lab plans to utilize
markers of DA cells (tyrosine hydroxylase, dopamine transporters) to conduct cell counts across
various ages within the SNc to determine if PD pathology is present. Similarly, we plan to

evaluate markers of PD pathology, such as alpha-synuclein and TUNEL staining to evaluate
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indicators phenotypic of disease onset. In future experiments, it is important to explore how
CD38 loss transcriptionally impacts neurons, similar to how we evaluated astrocytes here.
Lastly, functional evaluations utilizing electrophysiology measures of DA neurons within the
context of CD38 loss would further provide indications as to how PD risk is associated with SNP
variant rs11724635.

As was previously stated, age-related changes are the leading risk for the development of
NDD pathology in humans. The conclusions drawn from our work rely upon late-adult age
animals (8-12 months), without inclusion of models of advanced age (18-24 months). Additional
study of the interaction between aging and CD38 deficiency is warranted to help elucidate how
age-related changes contribute to astrocytic states. It is also important for future experiments to
consider environmental contexts that may be translationally relevant to what is experienced by
industrialized populations determined to be most at risk of PD (De Miranda et al., 2022).
Paradigms that cross genetically relevant models (Cd38*") with environmental challenges such
as high fat diet, chemical contaminants, or chronic inflammation may help establish better
understanding of the intersectionality between gene risks that set the stage for further events to
instigate disease. Inclusion of various ages would further help distinguish the role of each factor
as a contributing force in PD pathogenicity. Furthermore, additional mitochondrial assays
relating to glycolytic function and function within the context of inflammatory events, like
lipopolysaccharide administration, may allow for a more comprehensive understanding of the
relationship between astrocyte bioenergetics when meeting environmental challenges.

It is also important to note that while our findings implicate astrocyte dysfunction in relation
to SNP rs11724635, it does not directly provide information as to how astrocytic expression of

CD38 may be a driving force in our observed transcriptional and bioenergetic changes. An
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approach utilizing Cre/lox systems or tamoxifen-inducible models would allow for specific Cd38
deletion in cells of astrocytes for specific determinations of cell-autonomous and non-cell-
autonomous effects. This has recently been accomplished by others to evaluate the role of Cd38
as it relates to behavior (Hattori et al., 2023). An astrocyte-specific Cd38 knockout model would
allow for better understanding of the cell-autonomous changes relating to astrocyte gene
expression, morphology, and function similar to what others have reported in global knockout
models (Hattori et al., 2017). This proposed model would also be of great benefit to all of the
studies discussed within this chapter.

Lastly, our RNA-seq dataset reveal numerous DEG and GO pathways related to the familiar
hallmarks of neurodegeneration. The scope of this work primarily serves to provide additional
understanding of the effect of CD38 deficiency on astrocytic gene expression and bioenergetics.
We anticipate that others will utilize our dataset to evaluate genes and pathways related to
dysfunctional aspect that we have not described in detail here. Altered gene expression in
DNA/RNA regulation and altered inflammatory responses are examples of pathways associated
with PD and other neurodegenerative diseases (Wilson et al., 2023) that we have identified
within our sequencing data, but did not discuss in full detail here. Altogether, our results provide
additional context to the relationship between CD38 deficiency, astrocyte function, and
neurodegenerative risk. Our anticipate that our sequencing data provides a resource for others to
further evaluate specific genes, pathways, and potentially therapeutic targets of interest that may

be relevant in the context of human health and Parkinson’s disease risk.
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