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Abstract

Microgravity exposure plays a role in the onset of physiological dysfunction among crew
onboard the International Space Station. Cognitive effects including impaired motor control
and mood disturbance are difficult for astronauts, as they decrease quality of life and are
risk factors for neurological conditions. However, it remains difficult to investigate the
underlying cause of such conditions via cellular experimentation in actual microgravity.
Here, in collaboration with HNu Photonics (Maui, HI), | report a framework for use of the
imaging and microfluidics platform Mobile SpaceLab™ for cell biology research in
microgravity. We plan to send SH-SY5Y neuroblastoma cells cultured in the MoSL to the
ISS (SpaceX27, Jan.2023) and will investigate the effect of microgravity on neurite
outgrowth, microtubule dynamics and axonal transport of mitochondria. In this thesis, |
establish the culture and imaging conditions for the ground control, a data set which will
serve as a negative control for the effect of microgravity on SH-SY5Y cells sent to outer
space. Furthermore, | establish and validate protocols for post-flight analysis; a regimen
of immunostaining and quantitative analyses to identify cell stress and mitochondrial
dysfunction post-microgravity exposure. The data collected in this thesis will allow for
analysis of the first representations of neurite outgrowth dynamics and axonal transport in
actual microgravity conditions. These results may aid in uncovering mechanistic pathways
involving microtubule disruption and help explain maladaptive responses to microgravity
in neurons. Furthermore, success in this mission may open the hatch for follow-up

experiments using this framework and MoSL across cell biology.
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development; cell stress
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Chapter 1. Introduction

The unique environmental conditions of outer space apply pressure on animal
physiology in ways that many species will never encounter on Earth. While spacecraft
engineering may mitigate the effects of space radiation, extreme temperatures, and space
debris, any organism sent into space must independently adapt to the effects of
microgravity, vacuum, and acceleration (lwase et al., 2020). As time spent in microgravity
increases, crew members onboard the International Space Station (ISS) become more
likely to experience physiological dysfunction. Some of the most common effects of
extended microgravity exposure include immune system dysregulation, skeletal muscle
atrophy, cardiovascular dysregulation, bone loss, cognitive impairments, and decreased
motor control (Bloomfield et al., 2016; Crucian et al., 2008; Fitts et al., 2000; Manzey et
al., 1998; Shen & Frishman, 2019; Wang et al., 2013). These adaptations impair quality
of life in both the short-term and long-term, especially upon re-entry to Earth’s gravitational
field after extended microgravity exposure (Goswami et al., 2021). As such, it is critical to
understand how microgravity affects human physiology and identify mitigating factors to
help attenuate these deleterious effects on human physiology. Due to the widespread
dysfunction across several tissue and organ systems, it is likely that there may be
fundamental alterations to cellular function at the subcellular level, rather than specific

organ and tissue-level interactions with microgravity.

It is hypothesized that intracellular gravity perception is mediated by the cell
cytoskeleton, which is primarily composed of actin filaments and microtubules (Hayakawa
et al., 2008; Hughes-Fulford, 2003; Takahashi et al., 2021). Microtubules are important
regulators of cell structure and shape, and they provide a platform for the transport of
various intracellular cargos. Neurons are especially reliant on proper microtubule function
due to their high degree of compartmentalization and polarization. Without microtubule
support, neurons become unable to maintain their morphology and have difficulty
establishing and maintaining synapses, thus impairing neuronal transmission.
Furthermore, disruption of microtubule-dependent axonal transport leads to compromised
energetics, failure to clear toxins, synaptic loss, and ultimately cell death (Guedes-Dias &
Holzbaur, 2019; Kelliher et al., 2019; Rolls et al., 2020).



Previous experiments in simulated and actual microgravity conditions have shown
that indeed, cytoskeletal organization is disrupted in a variety of cell lines. Model systems
such as cardiocytes, osteoblasts, and neuroblastoma cells have been used to highlight
various degrees of microtubule and actin cytoskeleton disruption which is likely dependent
on time spent exposed to microgravity (Hughes-Fulford, 2003; Lin et al., 2016; Lin et al.,
2020; Nabavi et al., 2011; Rosner et al., 2006; Nassef et al., 2019; Tan et al., 2018; Wang
et al., 2016; Yang et al., 2008). Knowing that proper neuronal organization and function is
heavily dependent on the regulation of cytoskeletal organization makes the effects of
microgravity evermore so concerning. The onset and progression of many human
neurological diseases such as Charcot-Marie-Tooth disease, amyotrophic lateral sclerosis
(ALS), Alzheimer's Disease (AD) and Parkinson’s Disease (PD) are related to
dysfunctional microtubules and microtubule-related processes (Cappelletti et al., 2015;
Jean & Baas, 2013; Kametani & Hasegawa, 2021; Lazarov, 2005; Liu et al., 2012;
Millecamps & Julien, 2013). Thus, if cellular models of neurological disease and
microgravity-exposed cells exhibit similar behaviours and phenotypes, we may be able to
uncover connections between microtubular organization and the irregular cognitive side-

effects experienced by humans enduring long-term stays in space.

The objective of this thesis is to describe a strategy for the capture and analysis of
cytoskeletal and neurophysiological dysfunction resulting from long-term microgravity
exposure using the microfluidics platform Mobile SpacelLab. In this chapter, | begin with a
brief introduction to classical microgravity research models and how the use of the Mobile
SpacelLab (MoSL), an automated microfluidics and imaging platform can collect various
first-of-its-kind types of dynamic data in living cells onboard the International Space Station
(ISS). I will then provide a comprehensive overview of neuronal cytoskeletal structure and
cytoskeletal-dependent functions including neurite outgrowth and axonal transport, and
how microgravity may affect these systems. | will also discuss the idea of stress markers
and mitochondrial morphology as markers for overall cellular health, and the role
microgravity may play in causing cellular stress. Lastly, | will outline my research
objectives which revolve around building a framework for utilization of the MoSL to capture
the first recordings and analyses of microtubule dynamics and axonal transport in

microgravity.



1.1. Cellular Research in Microgravity

Conducting research on cellular systems in microgravity environments presents a
technological and logistical challenge. The first consideration before planning and
conducting microgravity research is consideration of the prohibitive costs, and scarcity of
spaceflight missions. For this reason, planned spaceflights are rich in collaborative
research opportunity, where over 3000 experiments have been conducted within the ISS
to date (Witze, 2020).

A second consideration is technology. There are immense amounts of prerequisite
training and accreditations required for each person assigned to a spaceflight mission. It
is not practical for primary scientific researchers to be present in space to conduct
experiments. Thus, innovations in space-research methodologies have been ongoing for
decades. One such innovation has been the creation of simulated microgravity models.
The clinostat, for example, is a motorized device which rotates on a singular axis and uses
this rotation to negate the net effect of gravity in one vector (Lyon, 1970). One problem
with the clinostat is that weightlessness is only felt along the axis of rotation, while actual
microgravity affects all axes equally (Brown et al., 1976). This problem has been combated
with the invention of the random-positioning machine, a two-axis clinostat which averages
gravitational pull over all directions (Wuest, et al., 2015). Another alternative is the free fall
machine, where a suspension of cells is allowed to fall under the influence of gravity for a
short time before being pulled back up by a strong force (Schwarzenberg et al., 1999).
These simulated microgravity models significantly reduce the costs and coordination
required to conduct experiments in space and have provided a tremendous amount of
insight into candidate sub-cellular systems that may be worthwhile for the investment of
future resources. However, it should be noted that gravitational effects still occur in
simulated microgravity, but without a net direction. Another criticism of rotation-based
simulated microgravity is the potential confounding effect of centrifugal force experienced
by the biological specimen, which is inversely proportional to reductions in gravitational
force (Brown et al.,1976).

To conduct cell research in actual microgravity, a variety of technological
advancements in automated laboratory engineering have occurred since the induction of
the first biomedical space program, SkyLab, in 1973. The first cell culture experiment was

completed on the ISS in 2001, where colon, kidney, neuroendocrine, and ovarian cell



cultures were housed in an incubator and fixed by hand before returning to Earth for
analysis ("ISS Expedition Three Science Operations Weekly Science Status Report 29
Aug 2001”). Today, a variety of cell and molecular biology platforms exist on the ISS, such
as BioCell Habitat, Bioculture system, WetLab-2, MinlON, and Space Automated
Bioproduct Laboratory. These various platforms are largely automated and allow for a
plethora of cell culture experiments, especially in the -omics research space (genomics,
proteomics, lipidomics, etc.) to be conducted on the ISS. These experiments have greatly
enhanced our current understanding of changes in cellular physiology during microgravity
exposure and have enabled researchers to hypothesize the mechanisms in which
microgravity affects mammalian cells. However, due to the hardships in performing such
experiments and the sheer amount of research that must be conducted to gain a full
understanding of any biological system, there remain many holes in our knowledge of

mechanisms by which microgravity affects cell and tissue cultures.

1.1.1. Mobile SpaceLab

The Mobile SpaceLab (MoSL), developed by HNu Photonics (Maui, HI, USA) is a
novel microfluidics and imaging platform capable of maintaining mammalian cell cultures
in constant temperature and humidity. Microfluidic ports allow for the maintenance and
replacement of the cell-media environment, ensuring cells can stay healthy for extended
durations without human interaction. The MoSL is also equipped with digital cameras
capable of recording up to two fluorescent wavelengths with adjustable y and z-axis
positioning. Further explanation of MoSL hardware design and capabilities will be covered
in Section 2.9. The MoSL enables researchers to observe living cell cultures over time in
microgravity and provides near real-time data about cell and tissue behaviour. Historically,
this has not been possible, and most studies performed in actual microgravity have
presented data from fixed cell or tissue sections, absent of any dynamic data or imaging.
As such, various dynamic cell processes such as neurite outgrowth or axonal transport
have never been studied in actual microgravity. In this thesis, | describe a strategy for the
analysis of neurite outgrowth and microtubule dynamics from data captured in outer space
using MoSL. | also describe and validate a plan for post-flight experimentation on fixed

cells returned to our lab on Earth post-microgravity exposure.



1.1.2. The SH-SY5Y Cell Line as a “Neuron-Like” Model

Neuroscience research requires neuronal models to elucidate the molecular and
cellular processes involved in nervous system disorder. However, in vitro models of
neuronal systems are historically difficult to culture and require human maintenance to
ensure survival. This introduces challenges in actual microgravity, where cell culture
methodologies are often inflexible and regulated by automated systems. Thus, alternative
neuronal models which express key features of mature human neurons are often sought
after and used to approximate neurons. One popular model is the SH-SY5Y
neuroblastoma cell line. This cell line, while acknowledged as not being true neurons,
proliferates continuously and is resilient to environmental pressures, making them an apt
model to survive with little human interference in an automated microgravity environment
(Agholme et al., 2010).

The SH-SY5Y cell line undergoes neuronal differentiation when treated with an
inducing agent such as retinoic acid (RA). The most common differentiation paradigm is
RA followed by brain-derived neurotrophic factor (BDNF), which is the only differentiation
protocol that causes SH-SY5Y cells to exhibit electrophysiological properties that are
similar to neurons (Sahin et al., 2021; Xicoy et al., 2017). Furthermore, this cell line is
purported to express many biochemical neuronal markers, such as tyrosine hydroxylase
(TH), neuron-specific enolase (NSE), neuronal nuclei protein (NeuN), and the dopamine
transporter (DAT) (Agholme et al., 2010; de Medeiros et al., 2019). However, it has been
observed by others and myself that these cells do not form mature axonal and synaptic
connections, and thus may not truly approximate the physiology of mature neurons (Figure
A.1. (Goldie et al., 2014).

While recognized as not being true neurons, the physical, electrical, and
biochemical properties of these cells are widely regarded as being neuron-like, and
literature often equates findings in neuronal-research to being applicable in SH-SY5Y
cells. Thus, for the purposes of this thesis, all upcoming discussion of neuronal processes
and physiology may be considered as also applying to SH-SY5Y cells, and references to

works done in actual SH-SY5Y cells are made whenever possible.



1.2. Overview of Neuronal Cytoskeletal Structure and
Function

Neurons are the fundamental unit of the brain and nervous system, responsible for
the transmission of information. Using electrical impulses and chemical messengers,
neurons transmit information between different regions of the brain, or between the brain
and the rest of the physiological systems. This communicative ability is dependent on
neuronal polarization, the process wherein neurons develop into highly
compartmentalized cells with distinct borders between their processes (Schelski & Bradke,
2017). These processes consist of the axon and dendrites, which are responsible for the
transmission and reception of complex chemical and electrical signaling pathways. The
formation and maintenance of these structures is dependent on the cytoskeleton, a
complex and dynamic molecular megastructure known for its stabilizing role in shaping
cells and providing mechanical resistance to deformation. The eukaryotic cytoskeleton is
primarily composed of three main components: microfilaments (actin filaments),

intermediate filaments (neurofilaments), and microtubules (Leterrier, 2021).

1.2.1. Microtubule Dynamics

Microtubules constitute one of the three main classes of cytoskeletal filaments in
eukaryotic cells and are found in all eukaryotic organisms (Sweeney & Holzbaur, 2018).
They are longer and more rigid compared to actin and intermediate filaments due to their
larger diameter and tubular construction (Figure 1.1.) (Gittes et al., 1993). They play major
roles in various important cellular activities. Most notably, microtubules and their
accessory proteins form the mitotic spindle, which separates chromosomes during mitosis
and is the basis for cellular division (Mclntosh, 2016). In addition, microtubules constitute
the building blocks of the microtubule cytoskeleton, the architecture of which serves as
the basis for various forms of cell motility, cell shape, and transport of organelles, vesicles,
and other cellular components or structures (Barlan & Gelfand, 2017; Guedes-Dias &
Holzbaur, 2019; Viswanadha et al., 2017). Microtubule structure is most straightforwardly
described as comprising of 13 linear protofilaments constructed from head-to-tail
polymerization of a- and B-tubulin heterodimers (commonly referred to as just “tubulin”),
which then associate laterally and are closed into a hollow tube (Figure 1.1.). a- and B-
tubulins are just two of the six families of tubulins, and even within families, there may be

upwards of 20 isoforms of a- and B-tubulin, which allows for specificity in expression



patterns among eukaryotic cells (Dutcher, 2001; Oakley, 2000). For example, Class Il -
tubulin is exclusively expressed in neurons (Karki et al., 2013). Because aB-tubulin
heterodimers are assembled with the a-tubulin facing one end (minus-end) and B-tubulin
the other (plus-end) of the microtubule, the overall polymer structure is polar. The
microtubule minus-end region is relatively stable and embedded within the “microtubule
organizing center” (MTOC), whereas the plus-end is more dynamic, actively growing and
shrinking by addition and subtraction of tubulin heterodimers (Arnal et al., 1996; Chaaban
& Brouhard, 2017; Guedes-Dias & Holzbaur, 2019; Sui & Downing, 2010; Tian & Cowan,
2013). This dynamicity allows for a constant turnover of tubulin subunits driven by
nucleotide hydrolysis. Interestingly, the assembly of microtubules is spontaneous while
the energy released from GTP hydrolysis is used to power disassembly. Furthermore,
microtubule dynamicity can be regulated via a variety of post-translational modifications
or associations with microtubule associated proteins (MAPs). (Hyman et al., 1992; Vulevic
& Correia, 1997).
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Figure 1.1. Basics of microtubule structure

MTs are linear structures comprised of a-tubulin and B-tubulin heterodimers. MTs are highly
dynamic, existing in either a growing state (polymerization) or shrinking state (depolymerization),
and can rapidly switch from growth to shrinkage (catastrophe) or from shrinkage to growth
(rescue). Addition of new GTP-bound heterodimers occurs at the MT plus end during
polymerization. Shortly thereafter, the tubulin subunits hydrolyze their bound GTP to GDP. When
the addition of GTP-bound heterodimers slows and the MT lattice is composed of predominantly
GDP-tubulin, the protofilaments splay apart and the MT depolymerizes.

Image: Lasser, M., Tiber, J., & Lowery, L. (2018). The Role of the Microtubule Cytoskeleton in
Neurodevelopmental Disorders. Frontiers In Cellular Neuroscience, 12. doi:
10.3389/fncel.2018.00165. Reproduced under the terms of the Creative Commons Attribution 4.0
International License

In neurons, microtubules are essential for many fundamental cellular and
developmental processes, such as migration, polarity, and differentiation. Microtubules
have been regarded as critical structures for stable neuronal morphology because they
serve as tracks for long-distance transport, provide dynamic and mechanical functions,
and control local signaling events (Kapitein & Hoogenraad, 2015). Dysfunctional
microtubule organization and dynamics are thought to be causative in many well-known
neurological diseases, and controlled disruption to microtubules or their associated

proteins is sufficient to generate cell lines with disease phenotypes that mimic neurological



disease in vivo (Franker & Hoogenraad, 2013; Matamoros & Baas, 2016; Millecamps &
Julien, 2013; Sorbara et al., 2014). The neuronal microtubule cytoskeleton is
heterogeneous, and microtubule orientation, stability, modifications, and associated
proteins can differ depending on location in the cell (Figure 1.2.). Fluorescence
microscopy has allowed for selective labeling of various microtubule-related targets, but
visualization of individual microtubules is difficult and 3D reconstruction of the microtubule
cytoskeleton from thin sections is time-consuming and error prone (Kapitein &
Hoogenraad, 2015). Thus, the precise organization of the overall neuronal microtubule

cytoskeleton is largely unresolved.

1.2.1.1. +TIPs and EB3

Plus-end tracking proteins (+TIPs) are a diverse group of MAPs that accumulate
at the ends of growing microtubules. In general, they are thought to be involved in
regulation of microtubule dynamics and act as mediators between microtubules and other
cellular components (Akhmanova & Hoogenraad, 2005). Because of their propensity to
track the plus-end, a common strategy to assess changes in microtubule dynamics is to
monitor the direction and velocity of +TIPs (Zwetsloot, et al., 2018). This strategy is robust,
as even within the same cell the quantitative aspects of microtubule dynamics may differ
depending on sub-cellular location. For example, neuronal dendrites, axons, and the soma
all may exhibit differing velocities and direction of +TIPs (Stepanova et al., 2003). This is
a reasonable conclusion, as we know that each neuronal compartment has unique

microtubule organization and associated function (Discussed in section 1.2.1.).

Previous works have shown that local microtubule polymerization events occur
throughout neuronal differentiation, and that changes in microtubule polymerization
dynamics are reflective of changes in the microtubule network (Stepanova et al., 2003).
End-Binding Protein 3 (EB3) is one such +TIP that has been used to track microtubule
polymerization and generate such data. EB3 has a specific role in regulating the
morphology of differentiating muscle and neuronal cells and is upregulated during
differentiation (Straube & Merdes, 2007). By conjugating EB3 to a fluorophore, e.g., RFP-
EBS3, and expressing this fusion protein in mammalian cells, we can monitor the velocity
and directionality of EB3 throughout growing neurites and quantitatively assess changes
in microtubule dynamics. Previous studies using transgenic models to visualize EB3

dynamics have demonstrated that overexpressed EB3 does not have any significant effect



on microtubule organization or EB3 protein distribution patterns, however increased
mushroom-type dendritic spines and spine head area have been observed (Jaworski et
al., 2009; Komarova et al., 2005; Pchitskaya et al., 2022). Furthermore, the manipulation
of microtubule dynamics by pharmacological intervention can be quantified via EB3
dynamics and has been previously done so in the cases of taxol and nocodazole,
microtubule stabilizing and destabilizing drugs, respectively (Stepanova et al., 2003). The
quantification of EB3 dynamics in this manner only requires fluorescently captured
timelapses, and as such, we utilized a similar experiment design in the MoSL to monitor
EB3 velocity during differentiation in microgravity conditions. While microtubule structure
and dysfunction are well-documented in various cell lines exposed to microgravity
conditions (Discussed in section 1.2.4.), the capture of real time changes in axonal

transport and microtubule dynamics is novel and possible because of the MoSL.

1.2.2. Actin and Intermediate Filaments

Actin is ubiquitously expressed and is the most abundant protein in eukaryotic
cells. Despite being one of the three major cytoskeletal proteins, actin is not limited to
cytoskeletal functions, and its ability to transition between monomeric (G-actin) and
filamentous (F-actin) states allows it to play a role in various other cellular functions
including cell motility, muscle contraction, cell division and cytokinesis, and cell signaling
(Doherty & McMahon, 2008; Dominguez & Holmes, 2011). F-actin is assembled linearly
at the barbed-end (plus-end) of the structure, via polymerization of repeating ATP-bound
G-actin monomers, while monomer release occurs more commonly at the opposite minus-
end. (Campellone et al., 2013). The most notable use of actin is in the formation of the
actin cytoskeleton, which gives cells their shapes and resistance to deformation from
mechanical stress. The actin cytoskeleton is reliant on several protein classes to maintain
its shape and function: nucleation-promoting factors, which initiate filament formation;
capping proteins, which terminate filament growth; polymerases, which promote faster or
more sustained filament growth; depolymerizing factors and severing factors, which
disassemble filaments; and crosslinkers and stabilizing proteins, which organize and
reinforce higher-order network structures. The expression of any one of these regulatory
proteins can be influenced by change in mechanical forces inside or outside the cell, and
in turn can affect local organization of cytoskeletal architecture, cell adhesion dynamics,
and cytoskeletal stability (Coles & Bradke, 2015; Fletcher & Mullins, 2010).
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In neurons, actin serves different functions within each domain of the cell and may
interact with different accessory proteins depending on the required function and location
within the neuron (dendrite, soma, or axon). Within the soma, the actin cytoskeleton is
expressed in a similar fashion to other somatic cells, providing neurons with the means to
withstand compressive forces and maintain structural integrity. Unique to neurons,
however, is F-actin assembly into the “membrane-associated periodic skeleton” (MPS),
which is composed of actin and various accompanying proteins (Baines, 2010; Bennett
and Baines, 2001). The MPS is a supramolecular protein structure consisting of periodic,
transverse F-actin rings. It is highly expressed in axons, where it is thought to support the
extreme physical and structural conditions that axons must resist during their lifespans
(Figure 1.2.) (Xu et al., 2013). Actin is also heavily involved in formation of the growth
cone, a large actin-supported extension of developing neurites (Figure 1.2.). Growth cones
and F-actin polymerization will be discussed in further detail in section 1.2.3. Numerous
actin-based structures also exist both in the shafts of and surface of dendrites. Small
patches of branched F-actin (actin patches) serve as outgrowth points for filopodia
(Korobova and Svitkina, 2010). Dendritic spines are small membranous protrusions that
form synapses with neighboring neurons and are found on the surfaces of dendrites.
These spines contain dense F-actin arrangements and respond dynamically to local
synaptic activity, thus forming the basis for one of the ways in which neurons exhibit
plasticity (Figure 1.2.) (Bar et al.,, 2016; Okamoto et al., 2004). Synapses serve as
essential structures for the transmission of chemical and electrical impulses and serve as
the basis for neuronal communication and physiology. While F-actin arrangements are
important in early neurite outgrowth and later growth cone dynamics, our preliminary work
in SH-SY5Y cells has demonstrated to us that these cells do not form mature synapses
that are identifiable by standard neuronal protein markers, such as synapsin (Figure A.1.)
With this in mind, the data presented here in SH-SY5Y cells serves only as a proxy for
neuronal physiology, and results in traditional neuronal models may not fully reflect the

data presented in this thesis.
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Figure 1.2. Microtubule and actin organization in neurons

In axons, MTs form stable, polarized bundles, which provide structural integrity and serve as
tracks to guide MT-dependent motor proteins. Actin filaments form equidistance ring-shaped
structures to resist mechanical forces and maintain axon shape. The growth cone contains an
array of both stable and dynamic MTs, which prompt growth cone advancement and turning.
Various +TIPs accumulate at the growing MT plus ends in the growth cone, where they regulate
MT dynamics during axon outgrowth and guidance. MTs of mixed polarity and dense F-actin
bundles are located within dendrites.

Image: Coles, C., & Bradke, F. (2015). Coordinating Neuronal Actin—Microtubule Dynamics.
Current Biology, 25(15), R677-R691. doi: 10.1016/j.cub.2015.06.020. Reproduced with
permission from Elsevier and Copyright Clearance Center for reuse in a thesis.

Intermediate filaments are termed as such due to their “intermediate” diameter (10
nm) as compared to actin filaments (6 nm) and microtubules (25 nm). Their role in the
eukaryotic cell is primarily to provide structural support both intra and extracellularly
(Cooper, 2000). Intermediate filaments are classified among 6-groups based on amino
acid sequencing, one of which is the Type IV intermediate filaments, which includes
neurofilament proteins (NF) (Yuan et al., 2017). NFs are unique in that they are expressed
selectively in neurons, providing structural support for asymmetric neuronal geometry.
NFs are primarily found in axons, where they are essential for the radial growth and
structural stability of myelinated axons. (Eyer and Peterson 1994; Friede and Samorajski
1970; Ohara et al. 1993; Yum et al. 2009; Zhu et al. 1997). In mature axons, the NF
network is largely stable, and turnover of NF protein subunits is slow compared to other
cytoskeletal proteins (Nixon and Shea 1992). Due to the difficulties of investigating living

neurons in microgravity and the stable nature of the NF cytoskeleton, NFs have thus far
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not been a topic of interest among microgravity researchers, and literature on the topic

remains sparse.

1.2.3. Microtubule Dynamics in Neurite Outgrowth

The basis of neuronal physiology is founded upon the concept of electrical and
chemical synaptic communication over distance in large, interconnected networks of
individual neurons. (Sudhof, 2021). Neuronal polarization is a process that serves to
establish the axons and dendrites that will eventually come together and form a mature
synapse. The establishment of polarity is highly dependent on the organization of and
feedback between the actin and microtubule cytoskeletons. The role of each cytoskeletal
component varies dependent on the stage of neurite outgrowth and differentiation. In
general, mammalian neuronal polarization can be divided into five stages: (1) Formation
of lamellipodia and filopodia, (2) outgrowth of minor processes, (3) formation and growth
of the axon, (4) growth of dendrites, and (5) and maturation of axonal and dendritic arbors
(Dotti & Banker, 1988; Leondaritis & Eickholt, 2015; Schelski & Bradke, 2017). In the
context of this thesis, SH-SY5Y cells are treated as neuron-like and the following chapters
may be interpreted as if SH-SY5Y cells exhibit similar physiology, having noted that this
process is not completed in full due to the lack of mature neuronal synapses expressing
traditional synaptic protein markers in SH-SYS5Y cells (Figure A.1.) (Discussed in section
1.2.2).

Microtubules play their most prominent role during stages 2 and 3 of neuronal
differentiation. During stage 2, the emergence and extension of minor processes (neurites)
begins. Neurites are immature projections from the cell body of a neuron packed with
microtubule bundles serving as a backbone and an actin-rich growth cone, from which
neurite elongation is regulated (Dent & Gertler, 2003; Schelski & Bradke, 2017). The
transition from stage 2 to 3 is marked by the simultaneous presence and outgrowth of
multiple undifferentiated neurites, until one neurite becomes dominant and will proceed to
form the axon. The outgrowth of neurites begins with microtubule extension into filopodia.
Elongated microtubules extend into the filopodia either by distributing stabilized
microtubules into the actin rich protrusions or through polymerization, both of which
contribute to the maturation of filopodia into neurites in neuronal cultures (Sainath & Gallo,
2014). Regulation of microtubule dynamics directly influences neurite outgrowth. For

example, microtubule stabilizing proteins promote microtubule nucleation and
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polymerization both in vitro and in vivo. (Dehmelt et al., 2003; Li et al., 2009; Teng et al.,
2001; Vandecandelaere et al., 1996). Conversely, microtubule destabilizers can inhibit MT
assembly, increasing the number of neurites but decreasing the likelihood of differentiation
into the axon. (Riederer et al., 1997). Collectively, these results indicating that a balance
of microtubule polymerization and depolymerization is required in neurite outgrowth, a
phenomenon often referred to as dynamic instability. Following several hours of growth
within the minor processes, neurite differentiation begins with the abrupt appearance of
one minor process growing at an approximately 5-10 times greater rate than the other
processes of the cell. The remaining neurites will then become the shorter dendrites (Dotti
et al., 1988; Schelski & Bradke, 2017).

While neuronal polarization and neurite outgrowth are hallmarks of neuroscience
research, the effect of microgravity on the dynamics of these processes has never been
investigated. In section 1.2.4., | detail our current understanding of changes in microtubule
dynamics resulting from microgravity exposure. Because microtubule dynamics are
affected by microgravity, it is likely that neurite outgrowth, a microtubule-dependent
process will also be affected. Thus, neurite outgrowth is an interesting and novel target for

microgravity research which will be expanded upon in later sections of this thesis.

1.2.4. Cytoskeletal Dynamics in Microgravity

Despite the challenges in conducting microgravity research (Discussed in section
1.1.), the net effect of research in various cell lines paints a clear picture of cytoskeletal
dysfunction resulting from exposure to both simulated and actual microgravity. Model
systems such as cardiocytes, osteoblasts, and neuroblastoma cells have been used to
consistently highlight various degrees of microtubule and actin cytoskeletal disruption

across a variety of tests and assays (Vorselen et al., 2013).

In vitro proteomic and genomic analyses of neurons and SH-SY5Y cells, have
found significant changes and deleterious reductions in the expression of various
cytoskeleton and ECM-associated proteins when exposed to simulated and actual
microgravity (Grosse et al., 2001; Ulbrich et al., 2011). These deleterious changes in
cytoskeletal protein expression are subsequently used as justification to pursue
investigations into in vitro cytoskeletal visualization experiments in simulated and actual

microgravity. Simulated microgravity models have confirmed these suspicions, with a
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variety of cell lines expressing disruptions to actin and microtubule cytoskeletal
organizations. For example, irregular actin organization, increased G-actin expression,
shortened microtubules, poorly defined microtubule-organizing centers and loss of cell
shape have been observed in short-term simulated microgravity (Buravkova & Romanov,
2001; Chen et al., 2016; Lewis, 1996; Meyers et al., 2005; Rijken et al., 1992; Uva et al.,
2002).

Experiments in short-term actual microgravity demonstrate similar effects to the
actin and microtubule cytoskeletons, but there remain gaps in the literature due to
limitations in performing experiments in actual microgravity versus simulated. Disruptions
to the actin cytoskeleton include reduced amount of, and thinning of actin stress fibers,
clustering and perinuclear relocalization of G-actin, and disrupted radial organization of
the actin cytoskeleton (Carlsson et al., 2003; Grenon et al., 2013; Hughes-Fulford & Lewis,
1996; Rijken et al., 1992; Ulbrich et al., 2011). In an extreme case, the complete collapse
of the actin cytoskeleton was reported within the first 4-days of microgravity exposure
(Hughes-Fulford, 2003). Disruptions to the microtubule cytoskeleton in short-term actual
microgravity include disrupted radial organization, shortened microtubule filaments,
reduced tubulin subunit expression, loss of tubulin bundles, and perinuclear organization
of tubulin (Gaboyard et al., 2002; Grosse et al., 2012; Lewis et al., 1998; Meloni et al.,
2011; Vassy et al., 2001). In section 4.3., | outline how disruption to the actin and
microtubule cytoskeletons are linked to neuronal phenotypes that mildly mimic early-stage
characteristics of various neurodegenerative diseases, and how a link between
neurological side effects experienced in actual microgravity may lie in system-wide
cytoskeletal disorganization caused by prolonged microgravity exposure. To this end,
further investigation of the long-term effects of microgravity on cytoskeletal organization

in neurons are warranted.

1.3. Overview of Axonal Transport

Microtubule-based intracellular transport is required by all eukaryotic cells for
proper spatiotemporal delivery of organelles, mMRNA and soluble proteins. Intracellular
transport is particularly critical for neurons due to their extreme morphological dimensions,
polarity, and need for efficient communication between the cell body and distal processes
(Bentley & Banker, 2016). Because axonal transport is a microtubule-dependent process,

it is likely that microgravity-mediated disruptions to microtubule structure will affect axonal
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trafficking dynamics. Axonal transport of any cargo has never been analyzed in
microgravity conditions, and as such, they are an interesting target for such experiments.
The results of these experiments will greatly expand upon our collective knowledge

regarding microtubule dynamics and axonal physiology in microgravity conditions.

Cytosolic and cytoskeletal proteins, such as neurofilaments, tubulin, and tau are
moved from the cell body by slow transport, ranging from 0.2 to 2.5 mm per day (Roy,
2014). By contrast, membranous organelles are moved to the axon terminals by fast
axonal transport (FAT), which can exceed 400 mm per day (Hirokawa & Tanaka, 2015).
Because the axon is largely devoid of biosynthetic machinery, it relies on FAT to supply
axon terminals with neurotrophic factors, lipids, and mitochondria, and to prevent
accumulation of toxic aggregates by clearing recycled or misfolded proteins (Maday et al.,
2014; Millecamps and Julien, 2013). Retrograde transport from distal portions of the
neuron is of equal importance to prevent accumulation of toxic aggregates by clearing
recycled or misfolded proteins (Hinckelmann et al., 2013; Millecamps and Julien, 2013).
The movement and distribution of each axonal component is determined by where and
how frequently it engages with and disengages from the microtubule-based transport
machinery. Because axonal microtubules are organized uniformly with their plus ends
toward the terminal (Hirokawa et al., 2010), anterograde transport involves translocation
toward microtubule plus ends, using kinesin motors, whereas retrograde transport
requires translocation toward minus ends, using dynein motors (Figure 1.3.). The balance
between anterograde and retrograde transport can be strongly biased in favor of one
direction over the other; for example, movement of vesicles filled with neuropeptides is
strongly biased toward sites of secretion at axon terminals (Barkus et al., 2008) whereas
organelles that carry endocytic and signaling cargoes move mainly back toward the cell
body (Hollenbeck, 1993; Lalli and Schiavo, 2002).
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Figure 1.3. Schematic of bidirectional, intraneuronal transport

The bidirectional transport of cellular cargos via motor proteins is important for the development,
maintenance, and viability of neurons. The kinesins drive anterograde transport of cargos such as
SVPs and DCVs from the soma to the axon, while dynein drives retrograde transport of cargos
such as mitochondria from the axon and the dendrites towards the soma.

Active zone

The kinesin superfamily of motor proteins comprises 45 different members
organized in 15 major families. Approximately half of the kinesin family is responsible for
intracellular cargo transport while the remaining act in cell division (Hirokawa et al., 2009).
In contrast, the dynein protein family is less diverse, but plays an equally important role in
cargo transport. Although kinesin and dynein are different in size, they are both ATP
dependent and have specialized domains to interact with the microtubules and cargo they
are transporting (Goldstein & Yang, 2000). All kinesins have a motor domain, which can
be located either at the N-terminal, the middle region, or the C-terminal. Kinesins with a
motor domain in the middle region are involved in regulation of microtubule polymerization
and cell division. Kinesins with an N-terminal motor are responsible for plus-end transport,
while those with a C-terminal motor domain function primarily in negative-end transport
(Hirokawa et al., 2009). In addition to a motor domain, they all have a distinct stalk and a
tail region. Cargo selectivity in kinesin family members relies on different binding domains
in the tail region (Hirokawa et al., 2010). In addition to cargo binding, the stalk and tail
domains also play a role in dimerization of kinesins and thus regulate motor activation.
(Goldstein & Yang, 2000).

In contrast to kinesin, the dynein family of proteins is less diverse but has a more
complex structure. The dynein family is comprised of two types of motor complexes:
cytoplasmic dynein and axonemal dynein. Of the two types of dynein, cytoplasmic dynein

acts as a negative-end motor protein for vesicle transport and it moves by hydrolyzing
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ATP (Hirokawa, 1998). Dyneins are multi-domain proteins made up of a heavy chain,
intermediate chains, light intermediate chains, and light chains; interaction between the
various domains and associated proteins allows for cargo binding and regulation
(Goldstein & Yang, 2000). Specifically, cytoplasmic dynein interacts with the dynactin
complex to regulate cargo binding and movement. (Hirokawa & Takemura, 2005).
Furthermore, interaction between dynactin, dynein, and kinesins appear to regulate

coordinated bidirectional transport (Chen et al., 2019).

1.3.1. Mitochondrial Transport

Neurons are among the most metabolically active cells in the human body,
consuming 20% of resting energy. Mitochondria, being the sole source of energy
production in the body are thus extremely important in fulfilling the continuous energy
requirements to maintain neuronal physiology (Kann & Kovacs, 2006). Synaptic
communication and axonal signal transduction are among the most metabolically
demanding functions in neurons, and due to the long-distance synapses may be situated
away from the cell soma, proper transport of mitochondria towards these energetically
active regions is required to maintain proper neuronal physiology (Figure 1.4.).
Anterograde and retrograde transport dynamics of mitochondria are tightly regulated and
may be biased to either direction based on signaling stimuli or disruptions to neuronal
physiological function. (Chada and Hollenbeck, 2004; Morris and Hollenbeck, 1993).
Furthermore, some mitochondria move persistently over long distances while others
appear to be largely stationary. Among the moving subset of mitochondria, continuous
runs are interspersed with periods of brief pause or reversal of direction before resuming
their initial path (Miller and Sheetz, 2004; Morris and Hollenbeck, 1993; Morris and
Hollenbeck, 1995; Ohno et al., 2011). The transport of mitochondria is mainly regulated
by either kinesin-1 or kinesin-3 in the anterograde direction, and dynein in the retrograde
direction (Figure 1.4.) (Kanai et al., 2000; Nangaku et al., 1994; Pilling et al., 2006; Tanaka
et al., 1998; Wozniak et al., 2005).

The kinesin 3 family motor KIF1Ba and the kinesin-1 associated KIF5 motors are
thought to be involved in mitochondrial transport. KIF1Ba colocalizes with mitochondria
and can transport them in vitro (Nangaku et al., 1994). Furthermore, KIF1Ba binding
protein (KBP) is localized to mitochondria (Wozniak et al., 2005). In the case of KIF5, there

is evidence that disruption to the Kif5b gene in mice causes mitochondria to accumulate
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in the center of cells (Tanaka et al., 1998). This accumulation in the cell body can be
undone via exogenous expression of any of the KIF5 motors (Kanai et al., 2000),
suggesting that the KIF5 motors are essential for mitochondrial transport (Hirokawa, Noda,
Tanaka & Niwa, 2009). The mechanism by which KIF5 delivers mitochondria to
presynaptic sites is controlled by local Ca2+ influx, which causes the accessory protein
Miro on the mitochondrial outer membrane to change conformation and inhibit kinesin
mediated transport (MacAskill et al., 2009; Wang & Schwarz, 2009). The acetylation state
of Miro inversely affects the sensitivity of Miro to Ca2+ (Kalinski et al., 2019). Because
both kinesin and dynein interact with Miro via TRAK proteins (van Spronsen et al., 2013),
it is likely that this mechanism affects dynein-mediated transport as well (Guedes-Dias &
Holzbaur, 2019).

Disruptions to normal mitochondrial ftrafficking such as disrupted axonal
microtubule organization or knockout of Miro are sufficient in mimicking the early
pathological dysfunctions observed in many neurodegenerative diseases, including AD,
PD, ALS, and Huntington’s Disease (HD) (Panchal & Tiwari, 2021). While dynamic
trafficking of mitochondria has never been observed under microgravity conditions, there
does exist evidence of mitochondrial dysfunction and mitochondrial-associated increases
in oxidative stress resulting from microgravity conditions (Discussed in section 1.4.). Thus,
the experiments outlined in this thesis may expound upon our current understanding of
mitochondrial dysfunction in microgravity and help uncover the potential underlying
mechanisms regulating these dysfunctions. Furthermore, they will represent the first
analyses of the dynamic trafficking of organelles in microgravity conditions, and any result
obtained following these experiments will significantly enhance our understanding of

axonal transport in microgravity conditions.
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Figure 1.4. Overview of mitochondrial transport and axonal energetics

The bidirectional axonal transport of mitochondria plays a key role in maintaining axonal and
synaptic energetics. Mitochondrial transport is mediated by kinesin and dynein association with
microtubule tracks along the axon. The conformation of Miro, a mitochondrial outer membrane
accessory protein mediates mitochondrial attachment to molecular motors.

Image: Panchal, K., & Tiwari, A. (2021). Miro (Mitochondrial Rho GTPase), a key player of
mitochondrial axonal transport and mitochondrial dynamics in neurodegenerative diseases.
Mitochondrion, 56, 118-135. doi: 10.1016/j.mit0.2020.10.005. Reproduced with permission from
publisher for reuse in a thesis.

1.4. Effects of microgravity on cellular stress

Mammalian cells must regularly adapt to environmental stressors including
extreme temperature, nutrient deprivation, ionizing radiation, toxins, viral infection, and
hypoxia (Alao & Sunnerhagen, 2008; Fulda et al., 2010; McCormick & Khapersky, 2017).
DNA damage, global translational inhibition, and protein misfolding are some of the sub-
cellular effects that must be overcome to reattain cellular homeostasis following stress
(Aulas et al., 2018; Ciccia & Elledge, 2010; Richter et al.,2010). While there are specific
molecular mechanisms responsible for undoing the effects of stress, there is also a
general stress response in the form of stress-inducible membrane-less domains. These
domains include cytoplasmic stress granules (SGs), processing bodies (P-bodies),
nuclear stress bodies, and paraspeckles (Anderson & Kedersha, 2006; Marijan et al.,
2019). These membrane-less domains are generally composed of proteins and RNA, and
the specific molecular composition of the proteins and RNA in each membrane-less
domain dictates its likely function (Anderson & Kedersha, 2006). For example, SGs
uniquely contain translation initiation factors while P-bodies are associated with
miRNA/siRNA silencing (Luo et al., 2018). Following a stressful stimulus, the generalized
upregulation of multiple stress-pathways occurs in most cell types. This result is useful in

cell biology experimentation, where the quantification and analysis of stress marker
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expression patterns can be used to help identify mechanisms of stress and the relative
effectiveness of therapeutic agents. For example, neurodegenerative diseases such as
ALS, AD, and MS have been shown to generate permanent SGs resultant from chronic
cellular stress, and mechanisms to disaggregate these pathological stress granules is of

interest to neurobiologists (Asadi et al., 2021; Wolozin, 2012).

Interestingly, there is evidence that microgravity exposure acts as a stressful
stimulus on cells. Space flight has been associated with increased production of free
radicals (Maillet et al., 2001). Increases in free radicals are responsible for increased
oxidative stress, thus contributing to cellular and molecular damage (Stein, 2002).
Proteomic and genomic analyses in microgravity have found differential expression of
proteins involved in oxidative stress-related pathways and they are among the most
affected by microgravity exposure (Feger et al., 2016; Kumar et al., 2021; Kwon et al.,
2006; Ulbrich et al., 2011). To show that physiological function is affected by differentially
expressed stress-response genes, various cell lines have been used to demonstrate
increased oxidative stress following simulated and actual microgravity (Beck et al., 2014;
Tan et al., 2017; Zhang et al., 2020). The nervous system has been shown to be especially
vulnerable to oxidative stress during microgravity exposure. /n vivo simulated microgravity
experiments have detected increased lipid peroxidation products and decreased
expression of antioxidant proteins in the brain stem and frontal cortex of mice (Chowdhury
& Soulsby, 2002; Soulsby et al., 2004. In vitro studies demonstrate increased nitric oxide
(NO) production in PC-12 and SH-SYS5Y cells, and oxidoreductase gene expression is
significantly altered following simulated microgravity (Qu et al., 2006; Wang & Good, 2001;
Wang et al., 2009). To counteract the effects of microgravity on cellular stress and damage
caused by ROS, astronauts are often prescribed antioxidant cocktails. However,
mammalian physiological systems do not utilize exogenous antioxidants to equal effect,
and research in mechanisms of the effects of stress on independent cell systems is
required to help develop antioxidant formulations that better protect astronaut health
(Goémez et al., 2021). For example, flavonoid antioxidants have been shown to be effective
in reducing simulated microgravity induced oxidative stress in SH-SYSY cells, but because
little is known about microgravity stress on neuronal systems in actual microgravity, we
cannot assume these effects will persist (Qu et al., 2010). Thus, in this thesis | outline

experiments that are designed to characterize and quantify the neuronal stress response
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via stress marker expression and staining following exposure to actual microgravity

conditions.

1.4.1. Influence of microgravity on mitochondrial morphology

Mitochondria play a critical role in the mechanisms of cell stress through their
involvement in pathways that modulate energetics, cell signaling, and apoptosis (Lenaz,
1998). As a by-product of electron transfer during ATP production, mitochondria produce
ROS using extra electrons from the electron transport chain (Oyewole & Birch-Machin,
2015). Under normal circumstances, mitochondria are capable of detoxifying ROS.
However, if mitochondria are damaged or dysfunctional, their ability to detoxify ROS may
become impeded leading to increased ROS levels (Oyewole & Birch-Machin, 2015).
Because oxidative stress is observed in microgravity conditions (described in section 1.4.),
disruptions to mitochondrial physiology are suspected of playing a role in the onset of
oxidative stress during microgravity exposure. Disruptions to mitochondrial function have
indeed been observed in simulated and actual microgravity, but the mechanism linking
microgravity to these dysfunctions remains unknown (Nguyen et al., 2021; Rubinstein et
al., 2021; Singh et al., 2021; Zhang et al., 2020). To this end, most authors have pursued
quantitative analyses of mitochondrial dysfunction in microgravity, while visualization of
mitochondrial morphology remains rare. One interesting method to quantify mitochondrial
morphology which will be applicable in the context of methods applied in this thesis is
mitochondrial network analysis (MiNA) (Valente et al., 2017). In living cells, mitochondria
undergo dynamic fusion and fission, continuously remodeling a network of interconnected
mitochondria (Chen et al., 2010). Dysregulation of mitochondrial dynamics can be
visualized by observing changes in this network such as increased fragmentation or
decreases in network branching and complexity (Valente et al., 2017). In this thesis, |
utilize MiNa to visualize the mitochondrial network and quantify changes in network
dynamics during microgravity exposure. These experiments are significant, as
visualization and analysis of mitochondrial morphology has never been performed in cells
exposed to microgravity conditions. The results of these analyses may then be used to
assess and validate proposed mechanisms of mitochondrial dysfunction resulting from

microgravity exposure.
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1.5. Project Overview

The primary goal of my thesis is construct and validate a strategy that will

determine the effects of long-term microgravity exposure on cytoskeletal dynamics, axonal

trafficking, and cellular health in SH-SY5Y cells cultured in the MoSL. To accomplish this,

I have collected and analyzed the ground control (GC) experiment data set in normal cell

culture conditions. Furthermore, | have established protocols for post-flight analysis of SH-

SY5Y cells that have been fixed following differentiation. The results of this thesis will

validate the use of these proposed experiment protocols for use in our transformed SH-

SY5Y cell line post microgravity exposure. This goal can be subdivided into 2 main aims:

Quantify the effects of microgravity on neuronal cytoskeletal dynamics and

axonal transport

Determine the effects of microgravity on cytoskeletal dynamics via analysis of
neurite outgrowth during differentiation. | hypothesize that microgravity-
induced cytoskeletal disruption will impair neurite outgrowth, resulting in slower

neurite outgrowth velocity and less time spent in stages of active growth.

Quantify the effects of microgravity on microtubule dynamics via analysis of
EB3 velocity in neurites. | hypothesize that microgravity-induced microtubule

disorganization will result in slower EB3 velocity in differentiating neurites.

Determine the effects of microgravity on cytoskeletal structure in fixed, fully
differentiated SH-SY5Y cells. | hypothesize that microgravity will induce
cytoskeletal disruption and induce F-actin and microtubule network

depolymerization and disorganization.

Determine the effects of microgravity on axonal transport by quantifying the
transport of fluorescently tagged mitochondria. | hypothesize that microgravity-
induced disruptions to microtubule organization will impair mitochondrial
transport, resulting in reduced number of trafficking events, velocity, and run

length of trafficking events.

Evaluate neuronal and mitochondrial health in differentiated SH-SY5Y cells

after long-term microgravity exposure.
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a) Investigate the impact of microgravity on mitochondrial network dynamics. |
hypothesize that microgravity-induced increases in cellular stress will impair
mitochondrial physiology, resulting in fragmentation and disorganization of

mitochondrial networks and mitochondrial morphology.

b) Investigate the impact of microgravity on stress marker expression and stress
granule formation. | hypothesize that microgravity-induced increases in cell
stress will cause increased nuclear relocalization and expression of the stress

marker TIA1, and an increase in cytoplasmic SGs.

This work is significant as cytoskeletal and axonal trafficking dynamics have never
been investigated in actual microgravity. Furthermore, visualization of mitochondrial
networks and stress markers has never been conducted on fixed cells returning from
actual microgravity. Data collected in this thesis will be used as a guideline for the analysis
of data collected in the MoSL at a future date, resulting in the first report of changes to
dynamics in sub-cellular neuronal systems resulting from long-term microgravity

exposure.
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Chapter 2. Materials and Methods

2.1. Plasmid and Stable Cell Line Generation

Work described in section 2.1. was conducted by Andrew Wieczorek of the

Silverman Lab at Simon Fraser University, BC, Canada.

SH-SY5Y cells (ATCC.org, Manassas, VA, USA) were dually transformed for the
stable expression of GFP-MTS and RFP-EB3. The first step in this process was to amplify
lentiviral plasmid DNA from E. coli stocks and confirm plasmid DNA structure. The
following lentiviral plasmids were received in E. coli glycerol stocks from Profacgen (New
York, NY, USA): pLVX-EGFP-MTS-PGK-Puro and pLVX-TagRFP-EB3-EF1a-SV40-
Hygro (Figure 2.1.). E. coli (XL1-Blue) were streaked on 50 ug/mL ampicillin-agar plates
and grown overnight at 37°C. Following E. coli growth, plasmids were obtained using
Qiagen miniprep spin kit (Qiagen, Hilden, Germany), as per manufacturer’s instructions.
Confirmation of plasmid structure was performed via multiple restriction enzyme (RE)
digestions (Table 2.1.). To conduct RE reactions, 1 yL of RE and 1 pg of DNA were added
to a solution containing water, bovine serum albumin (BSA), and NEB buffer 3.1. (New
England BiolLabs, Ipswich, MA, USA). Each plasmid was cut with 3 different RE’s and 1
no enzyme control. Each reaction was run simultaneously at 37°C for 1-hour, as per
manufacturers instructions. Following RE digestion, cut DNA was loaded into a 0.7%
agarose gel in Tris-acetate-EDTA (TAE) running buffer. The agarose gel was then imaged,
and DNA bands were compared to the expected band lengths per RE digest (Table 2.1.;
Figure 2.2.). Upon confirmation of plasmid structure, E. coli containing the plasmids of
interest were seeded in 250 mL Erlenmyer flasks with 50 mL of Miller LB (Sigma Aldrich,
St. Louis, MO, USA) and 200 pug/mL ampicillin (BioShop Canada Inc., Burlington, ON).
Following growth overnight at 37°C plasmids were purified using the Qiagen plasmid

PLUS midi kit (Qiagen, Hilden, Germany) as per manufacturers instructions.

Following plasmid purification, Lenti-X™ human embryonic kidney 293T cells
(HEK293T) (via Takara Bio Inc, San Jose, CA, USA) were transfected with the purified
lentiviral DNA to produce lentivirus. The Lenti-X 293T cell line is known for high
transfectability and high-titer of lentivirus. This step is necessary to produce lentivirus
containing our plasmids of interest, which will subsequently be used to infect SH-SY5Y

cells and will result in the stable expression of GFP-MTS and RFP-EB3. This approach
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was chosen because retroviral vectors such as lentivirus are known to cause a stable
integration of transgene into the host genome (Merten et al., 2016). Transfection of
HEK293 cells was performed according to “Lenti-X™ Packaging Single Shots Protocol-At-
A-Glance” (TaKaRa Bio Inc, San Jose, CA, USA). HEK293T cells were seeded at 50%
confluency in 10 cm? cell culture dishes with media composed of: 90% DMEM with high
glucose (4.5 g/L), 4 mM L-glutamine and sodium bicarbonate, 10% FBS, 100 units/mL
penicillin G sodium and 100 pg/mL streptomycin sulfate with 1 mM sodium pyruvate. Once
cell culture dishes reached 80% confluency of HEK293 cells, cells were transfected with
lentiviral plasmid DNA. First, 7 ug lentiviral DNA was added to 600 uL sterile 18 MegOHM
H.O. This mixture was then added to the manufacturer supplied Xfect™ Transfection
Reagent (TaKaRa Bio Inc, San Jose, CA, USA). The final transfection mixture was
vortexed, incubated for 10-minutes at room temperature for complexes to form, and lastly
centrifuged for 2 seconds before the full 600 uL plasmid/packaging compound was added
dropwise to the plated HEK293T cells. These cells were then incubated overnight at 37°C,
5% CO2 conditions. 48 and 72-hours post transfection, culture media (containing
lentivirus) was collected in 50 mL conical tubes and subsequently centrifuged at 1200 rpm
for 5-minutes to pellet cell debris. The lentivirus-containing supernatant was transferred to

sterile 50 mL conical tubes and stored at 4°C for immediate use.

Following lentivirus collection, SH-SY5Y cells were infected with lentivirus derived
from either MTS-GFP or RFP-EB3 containing plasmids. SH-SY5Y cells were grown in a
1:1 mixture of DMEM:F12 with 10% FBS on collagen-treated glass coverslips in 12-well
tissue culture plates. Once cells reached 50% confluence, either 1 pg/mL puromycin (for
MTS-GFP infection) or 100 ug/mL hygromycin (for RFP-EB3 infection) were added to cell
culture media along with 500 uL of a 250-fold dilution of lentivirus-containing supernatant
harvested either 48 or 72-hours post transfection of HEK293T cells (Figure 2.3.). Viral
solution was prepared from a 5-step serial dilution process in 1:1 DMEM:F12 + 10% FBS
with the addition of 4 ug/mL polybrene. Cells were then returned to a standard cell culture
incubator at 37°C, 5% CO. conditions for 24-hours overnight. On the subsequent day, the
infected SH-SY5Y cells (Either with RFP-EB3 or GFP-MTS-derived lentivirus) were split
and grown in T25 cell culture flasks with selective antibiotic (hygromycin or puromycin for
RFP-EB3 or GFP-MTS, respectively). Cells were allowed to grow until multiple flasks
containing SH-SY5Y colonies expressing 1 of the 2 transgene constructs were collected.

Once cells in T25 flasks were approximately 90% confluent, one flask from each
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population of transformed cells was harvested and 100 uL of cell-containing media was
added to individual wells in a 96-well tissue culture plate. Over the following days, 96-well
plates containing a pooled population of singly transformed SH-SY5Y cells were screened
for (1) survival using a phase microscope, and (2) for GFP or RFP fluorescence using a
wide-field fluorescent microscope (Leica, DMI, 6000B; Leica, Wetzlar, Germany)
equipped with a CCD camera (Hamamatsu ORCA-ER-1394; Shizuoka, Japan) at 200X
magnification. Select wells were then expanded into T25 flasks and 6-well plates, and the
aforementioned procedure for lentiviral infection was repeated using lentivirus constructed
from plasmid that each cells had not previously been infected with. Cells were once again
grown in T25 tissue culture flasks, transferred to 96 well plates, and screened for viability
and fluorescence of pooled colonies. Candidate colonies dually expressing GFP-MTS and
RFP-EB3 were selected for and expanded in T25 cell culture flasks. Two populations of
reclones (F11 and G12) were viable and demonstrated stable expression of both GFP-
MTS and RFP-EB3 following expansion. These reclones were further expanded and
subsequently sorted via Fluorescence-activated cell sorting (FACS), selectively sorting for
cells that dually fluoresced using a fluorescein isothiocyanate (FITC) filter for GFP-MTS,
and Texas Red filter for RFP-EB3 (Figure 2.4.). This final population of sorted SH-SY5Y
cells dually expressing GFP-MTS and RFP-EB3 were expanded in T75 flasks, and
multiple aliquots of cells in 1 mL cryotubes were stored in a liquid nitrogen freezer for

future use.

Confirmation of fluorescent marker expression, stability, and parental cell line

phenotype is evaluated in section 3.1.
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Figure 2.1.  Lentiviral plasmids for transfection of HEK293T cells

The two plasmids, pLVX-EGFP-MTS-PGK-Puro and pLVX-TagRFP-EB3-EF 1a-SV40-Hygro were
obtained from Profacgen (New York, NY, USA) and were used in the transfection of HEK293T
cells to induce production of lentivirus.

28



Table 2.1.
digestions

Confirmation of plasmid structure via multiple restriction enzyme

Restriction enzyme

Expected # of fragments

Expected fragment size (bp)

Asel

4

6584
1232
1075
59

BamH]

8950

EcoRV

5365
2985
219
219
79
79

No enzyme

N/A

N/A

pLVX-EGFP-MTS-PGK-Puro

Restriction enzyme Expected # of fragments | Expected fragment size (bp)
BamHI 2 9848
741
Notl 1 10589
Pstl 2 6285
4304
No enzyme N/A N/A

pLVX-TagRFP-EB3-EF1a-SV40-Hygro
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Figure 2.2. Confirmation of plasmid structures via gel electrophoresis of RE

products
Results of electrophoresis in a 0.7% agarose gel of restriction enzyme products from table 2.1.
are represented here. Each RE digestion was repeated once. All band lengths correspond to
expected fragment size (in bp) listed in table 2.1., thus positively affirming the structure of the two
plasmids.

Generate two Infect singly-
populations of transfected SH-
plasmid Infect SH-SY5Y . SY5Y
containing cells with one of ng populations

lentivirus from the two with the

HEK293T cells lentiviruses - alternate

(GFP-MTS and lentiviral
RFP-EB3) population

Figure 2.3.  Strategy for lentiviral infection of SH-SY5Y cells
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Figure 2.4. FACS parameters for selection of dually transformed SH-SY5Y cells
SH-SY5Y cells dually transformed to express RFP-EB3 and GFP-MTS were sorted using the
fluorescence activated cell sorting capabilities of a flow cytometer. A) Scatterplot of relative GFP-
MTS and RFP-EB3 intensities in cells expressing fluorescence in both culture channels. Black
and red dots indicate discarded cells. Green dots indicate collected cells, comprising the parental
line of cells utilized in experiments outlined in this thesis. Axes represent relative fluorescent
intensities on a logarithmic scale. B) Histogram representing the distribution of SH-SY5Y cells by
GFP fluorescence intensity. C) Histogram representing the distribution of SH-SY5Y cells by RFP
fluorescence intensity.

2.2. Cell Culture and Differentiation

SH-SY5Y cells were grown and maintained in a 1:1 mixture of Minimum Essential
Media (MEM) and Ham’s F-12 Nutrient Mixture (F12), supplemented with 10% fetal bovine
serum (FBS), 100 pg/mL hygromycin and 1 ug/mL puromycin at 37°C/5% CO- conditions.
Prior to neuronal differentiation, cells were transferred onto glass coverslips in standard

12-well tissue culture plates at a density of 50 cells/mm?. Following 5-days of unperturbed
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growth on glass coverslips, media was exchanged to a mixture containing 1:1 MEM+F12
supplemented with 1% FBS, 100 pg/mL hygromycin, 1 pg/mL puromycin, and 10 yM
retinoic acid (RA). The inclusion of RA induces morphological differentiation of SH-SY5Y
cells (Encinas et al.,, 2002). Following 5-days of RA-mediated growth, media was
exchanged for a mixture containing 1:1 MEM+F12 supplemented with 1% FBS, 100 ug/mL
hygromycin, 1 pg/mL puromycin, and 50 ng/mL brain derived neurotrophic factor (BDNF).
The inclusion of BDNF incudes biochemical differentiation in SH-SY5Y cells (Encinas et
al., 2002). Cells remained in BDNF for 10-additional days, at which point they were

deemed mature (Figure 2.5.).
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Cell Culture Medium (4 d launch + 2 d recovery)

RA Medium (5 d)
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20 21

BONF Medium (10 d)

Post-differentiation Medium (7 d)

Past-differentiation Medium + 10 M Taxol (BioChip 1 for 4 d)

Post-differentiation Medium + 1 pM Nocodazole (BioChip 2 for 4 d)

Fix BioChip#1 & #2 (end of experiment / Fix with 4% PFA)

Phase Contrast imaging

Fuarescence imaging of microtubule organization

Fuorescence video acquisition of vesicle transport

Figure 2.5.

MoSL experiment run timeline chart

Proposed experiment timeline chart for cells cultured in the MoSL. GC experiment timelines described in section 2.2. are adapted to closely mirror

this timeline and differentiation protocol.
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2.3. Pre-Fixation Treatment

2.3.1. Pharmacological Treatment

Cells exposed to pharmacological treatment prior to fixation and antibody staining

were done so under the following conditions:

Nocodazole: A 16 uM stock solution of Nocodazole (Sigma Aldrich, St. Louis, Missouri,
USA) was diluted in fresh cell growth media (1:1 MEM/F12) to a final
concentration of 1 uM. Glass coverslips with differentiated SH-SY5Y cells had
their media replaced with 1 mL of 1 yM nocodazole media. Cells were then
returned to 37°C/5% CO: conditions and incubated for 1-hour. Following
incubation, cells were immediately subjected to fixation and immunostaining as

per instructions in section 2.4.

FCCP: A 1mM stock solution of FCCP (a gift from Dr. Gordon Rintoul, Simon Fraser
University) was diluted in fresh cell growth media (1:1 MEM/F12) to a final
concentration of 1 yM. Glass coverslips with differentiated SH-SY5Y cells had
their media replaced with 1 mL of 1 yM FCCP media. Cells were then returned to
37°C/5% CO- conditions and incubated for 30-minutes. Following incubation,
cells were immediately subjected to fixation and immunostaining as per

instructions in section 2.4.

2.3.2. Heat Shock

Glass coverslips with differentiated SH-SY5Y cells were transferred to a fresh 12-
well cell culture plate with 2 mL cell growth media (1:1 MEM/F12) before being placed in
a cell culture incubator heated to 43°C for 2-hours. Following heat-shock incubation, cells
were immediately subjected to fixation and immunostaining as per instructions in section
24.

2.4. Fixation and Immunocytochemistry

Post-pharmacological treatment or heat-shock incubation, coverslips were

prepared for immunocytochemical antibody staining. Glass coverslips with adhered SH-
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SY5Y cells were removed and washed with 1x Dulbecco’s phosphate-buffered saline
(DPBS). DPBS was removed and cells were fixed with 4% paraformaldehyde (PFA)
solution for 20-minutes at 37°C. PFA was removed, and cells were washed twice in one-
minute intervals with DPBS, and once with tris-buffered saline (TBS). Processing of
coverslips for utilization in experiments outlined in section 2.7.2. was complete by this
stage. Remaining coverslips were then permeabilized using a 0.1% solution of Triton-X-
100 diluted in DPBS, and subsequently blocked with 0.5% fish skin-gelatin. Following
permeabilization and blocking, cells were subjected to either antibody staining, or

phalloidin staining.

Antibody staining: All antibodies were diluted using 0.5% fish-skin gelatin solution (Kwinter
et al., 2009). To observe microtubules, cells were stained with mouse anti-DM1A a-Tubulin
antibody (1:500, Sigma Aldrich, St. Louis, Missouri, USA). To observe the stress marker
TIA1, cells were stained with mouse anti-TIA1 monoclonal antibody (1:50, Santa Cruz
Biotechnology, Dallas, Texas, USA). All cells were incubated with the primary antibodies
at 4°C overnight. After the incubation period, excess of primary antibody was rinsed using
PBS, and cells were incubated with secondary antibody, goat anti-mouse-Cy5 (1:1000,
Thermo Fisher Scientific, Waltham, MA, USA).

Phalloidin staining: Phalloidin is a highly selective bicyclic peptide that binds to all variants
of actin filaments and is conjugated to a fluorescent dye. Following permeabilization,
coverslips were treated with a solution of phalloidin conjugated to Alexa Fluor-647 dye
(Invitrogen, Waltham, MA, USA) and incubated in the dark at room temperature for 90-

minutes.

Following antibody or phalloidin staining, cell nuclei were stained using a 1 yM
DAPI solution (Sigma Aldrich, St. Louis, Missouri, USA) diluted in ultrapure water for 5-
minutes in the dark. Coverslips were then washed 3 times in 5-minute intervals and

mounted on glass microscope slides using elvanol.

2.5. Fluorescence Microscopy and Live Imaging

Imaging of microscope slides prepared with fixed and stained SH-SY5Y cell were

imaged using a wide-field fluorescent microscope (Leica, DMI, 6000B; Leica, Wetzlar,
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Germany) equipped with a CCD camera (Hamamatsu ORCA-ER-1394; Shizuoka, Japan).
Images were captured at 630X magnification with a 63X/1.2NA lens.

To analyze bidirectional mitochondrial transport and EB3 comet velocity, living SH-
SY5Y cells were recorded using the same wide-field fluorescent microscope equipped
with CCD camera. Images were captured at 400X magnification with a 40X/0.9NA lens.
At 24-hour intervals, new coverslips were mounted in a heated chamber containing a clear
imaging media (1:1 ratio of translucent, phenol-free MEM/F12). After identification of three
microscope stage positions containing unobstructed views of individual cells and their
processes, an automated program in MetaMorph (Molecular Devices, Sunnyvale, CA)
captured 1) a phase-contrast image every 15-minutes at each stage position, 2) a 1-
minute, 1 frame per second video of RFP-EB3 transport every 45-minutes, and 3) a 2-
minute, 1 frame per second video of mitochondrial transport every 45-minutes. The total
experiment run time was 12-hours (A total of 16, 45-minute intervals between fluorescent

video capture).

2.6. Kymograph Analysis

Videos obtained depicting axonal transport of fluorescent RFP-EB3 and GFP-MTS
were used to generate kymographs, time versus position graphs, using MetaMorph
(Kwinter et al., 2009). Movement parameters, such as velocity and run length were then
quantified by tracking particle movement in the kymographs. Anterograde and retrograde
movements were quantified by tracing positive and negative slopes, respectively;
stationary particles were represented by straight flat lines. Only runs over 0.2 um long
were traced to avoid tracing movement that could be due to diffusion rather than motor
protein movement. After the kymographs were traced, they were analyzed using a custom
software described in Kwinter et al.,2009. All data obtained were calculated with the
calibration that at a 400X magnification, 1 pixel = 0.2538 um; the generated values were
collected and further analyzed in GraphPad Prism 9 Software (San Diego, CA, USA).
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2.7. Image Analysis

2.7.1. Neurite Outgrowth

To conduct analysis of neurite outgrowth dynamics, all phase-contrast images
acquired during the automated 12-hour recording sessions (Described in section 2.5.)
were compiled into stacked .tiff filetypes and analyzed using the TrackPoints function in
MetaMorph software. TrackPoints allows for the manual tracking of the tip (growth cone)
of dynamic neurite outgrowth. Data was exported to an excel spreadsheet, where the

quantification of net outgrowth velocity was calculated (Withers & Wallace, 2020).

A secondary, non-dynamic analysis for reporting the mean length of neurites from
still images was conducted using the “NeurondJ” plugin for the ImageJ software package.
In this analysis, phase-contrast images with unobstructed neurites were manually traced,
measured, and logged within software (Torres-Espin et al., 2014). Aggregate data of
neurite lengths and number of neurites at each day in differentiation media was exported

into an Excel spreadsheet and GraphPad Prism 9 for statistical analysis.

2.7.2. Mitochondrial Analysis (MiNA)

Analysis of mitochondrial network morphology was performed using a procedure
described in Valente et al., 2017. The Mitochondrial Network Analysis (MiNA) toolset is a
pair of macros making use of existing Imaged plug-ins, allowing for semi-automated
analysis of mitochondrial networks in cultured mammalian cells. The basic protocol utilized
in this analysis is as follows: fluorescent images of GFP-MTS are opened in ImageJ and
individual cells are manually cropped. A custom macro is activated which automatically
performs a sequence of built-in commands to pre-process the image and increase
mitochondrial network visibility (Unsharp Mask - Enhance Local Contrast > Median
Filter). Following pre-processing, a second custom macro is activated to produce a
simplified morphological model of the mitochondrial network (Convert image to binary >
Skeletonize > Analyze Skeleton). A detailed explanation of each processing step is found
in the original protocol published by Valente et al., 2017. Several descriptive parameters
are compiled by the program, such as number of mitochondrial networks, number of
branches, branch lengths, and number of punctate mitochondria. This data was then

exported to GraphPad Prism 9 software for statistical analysis.
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2.7.3. Corrected Total Cell Fluorescence

Corrected total cell fluorescence (CTCF) is a simple quantification protocol for
ImagedJ Software. CTCF generates a relative fluorescent intensity score for isolated cells
in an image and corrects for background fluorescence. This analysis was performed to
quantify actin cytoskeletal disassembly (Results section 3.2.3.) and nuclear stress granule

intensity (Results section 3.4.1.).

To conduct this analysis, the outline of a single cell was traced by hand and the
measure function in ImageJ was selected. Relevant outputs were manually selected from
the measure function. These outputs were: area, integrated density (IntDen), and min &
max gray value. These outputs were exported to Excel software. An additional region of
approximately equal size to 1 cell without cells was also traced and measured to serve as
control for background fluorescence. The following formula was then applied to each

individual cell for calculation of a CTCF score:
CTCF = IntDen — (Area of selected cell X Mean background fluorescence)

These values were then exported to GraphPad Prism 9 for statistical analysis.

2.7.4. Stress Marker Analysis

Quantification of TIA1 stress granules was conducted using ImagedJ software in a
protocol initially described in Apicco et al., 2017. TIA1 stained cells were thresholded (TIA1
fluorescence intensity above 69.6) with nuclear masking using DAPI. The number of
cytoplasmic (defined by exclusion from DAPI* nuclei) puncta with diameter greater than
or equal to 2 um positive for TIA1 were counted and divided by the total number of DAPI*
nuclei per image. For quantification of nuclear TIA1 nuclear fluorescence, images were

processed via CTCF analysis, as described in section 2.7.3.

2.8. Statistical Analysis

Data obtained from all experiments was exported to a Microsoft Excel spreadsheet
and imported to GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA) for further
analysis. For neurite length and EB3 comet velocity experiments, data is presented as

mean = SD. All data from these experiments were collected from at least 100 independent
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EB3-comets (EB3 comet velocity) or 50 individual neurites (neurite length and outgrowth).
Following data collection in actual microgravity, statistical analyses will be performed on
these experiments using two-way ANOVAs with Tukey’s post hoc test, comparing the
mean EBS3 velocity or neurite length at 24-hour intervals between 3 categorical variables
(ground control, ground-BioChip-control and Microgravity). For fluorescent intensity
distribution experiments, data is presented as mean + SEM. All fluorescent intensity
distribution experiments were performed on at least 10-cells, imaged from different fields
of view on at least 3-independent coverslips. Statistical analyses of these experiments

were performed using an unpaired Student’s f-test.

2.9. Spaceflight and Mobile SpacelLab Hardware

BioChip and Mobile SpacelLab hardware are property of HNu Photonics LLC,
(Maui, Hawaii, USA), who have permitted disclosure of the following information within this

thesis.

MoSL is a microfluidics and imaging platform designed to withstand the
environmental pressures of microgravity exposure on cell culture. MoSL has an
environmental control system housed in the docking station with connectors for power,
data downlink and command. (Figure 2.6.). MoSL is a closed system consisting of three
main components (ordered from most exterior to most interior): the Outer Chassis, Inner

Chamber, and Science Platform.

The Outer Chassis has four main functions: 1) Acts as a protective shell to isolate
the Inner Hermetic Chassis. 2) Provides box section structural rigidity. 3) Provides thermal
isolation of components. The Outer Chassis contains a mountain platform for warm power
bricks, printed circuit boards (PCB), and a fan. A cold box for storing liquid media and
reagents is also located in the Outer Chassis, regulated by four thermoelectric coolers
(TECs) which transport heat away from the cold box to maintain ideal temperature. 4) Acts

as a thermal barrier, providing safe front touch temperature.

The Inner Chassis is completely hermetic except at the gas permeable
polytetrafluoroethylene (PTFE) port, which is part of the microfluidic system. The flow path
of the microfluidic system consists of a closed fluidic path of tubing, biospecimen

chambers (BioChips), pumps, valves, and bags (media, fixative) in a cool zone,
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maintaining fixative solution at 4°C before injection to culture wells. Furthermore, the fluidic
system is impermeable to gas except at the PTFE port, and resistant to high pressure
leaks (Figure 2.7.).

The Science Platform, located entirely within the inner chamber of MoSL is the
main containment site for biological specimens and data collection (Figure 2.8.). Two
removable bioreactors (BioChips) are stored within the Science Platform. Each BioChip
contains four cell culture wells (Figure 2.9.). The living SH-SY5Y cell culture will be housed
in each of the eight BioChip wells, which are constructed using transparent polycarbonate
glass. SH-SY5Y cells are known to adhere to polycarbonate glass without surface

treatments such as collagen.

Once BioChips are loaded into the Science Platform, the BioChips will maintain
the cell culture at 37°C and 5% CO; for the duration of the mission until the samples have
been fixed for post-flight immunofluorescence analysis. MoSL performs automated
microfluidic replacements of the medium and/or reagents within the wells via a series of
pumps, valves and flow sensors within the microfluidic manifold. Another component of
the Science Platform includes a dual digital camera system equipped for phase-contrast
(Dual Back LED illuminators) and fluorescent (Dual illuminators: 1x 60 mW Laser at 488
nm and 1x 100 mW Laser at 532 nm) imaging techniques, which will collect images at
periodic intervals as described in section 2.2. Imaging capabilities are accompanied with
adjustable Y and Z-axis stage positioning, controllable from a command center on Earth

to ensure adequate plane of focus during experimentation.

Based on current projections, the MoSL will depart Kennedy Space Center (Merritt
Island, Florida, USA) aboard SpaceX flight CRS-27 in January 2023. After berth of the
ascent vehicle, MoSL is moved to ISS Expedite the Processing of Experiments to Space
Station (EXPRESS) Rack and the experiment initiated by remote command. All data will
be captured automatically and stored on the MoSL hard drive as well as sent down to the
SCORPIO-V command center via the ISS’s Ku-IP link in near real-time for immediate
analysis of the fluorescent videos as well as monitoring of system status (microfluidic
delivery rates, delivery times, temperatures, focus, etc.). MoSL is a fully enclosed facility
that requires little to no crew operations once on-orbit. The MoSL facility can perform the
required operations autonomously to maintain a living cell culture, deliver reagent

treatments and image the culture for the duration of a 4-week mission on-orbit.
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Figure 2.6. HNu Photonics Mobile SpaceLab (MoSL)
AutoCAD rendering of MoSL with view of Inner Chamber, Outer Chassis, and connectors for
power, data downlink and command.
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Figure 2.7. MoSL Inner Chamber and Outer Chassis Components

MoSL has an environmental control system housed in the docking station with connectors for
power, data downlink and command. The flow path consists of a closed fluidic path of tubing,
biospecimen chamber (BioChips), pumps, valves, and bags (media, fixative) in a cool zone,
maintaining fixative solution at 4°C before injection to culture wells.
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Figure 2.8. MoSL Science Platform

The Science Platform houses two BioChips, each containing four cell culture wells. Living cells in
BioChips are maintained at 37°C and 5% CO2 conditions for the duration of the mission,
controlled via a series of sensors, controllers, and fans. The automated microfluidic system
replaces cell culture media daily and can administer drugs into media as required. The Science
Platform also houses a dual digital camera system for automatic phase contrast and fluorescence

imaging, with two adjustable axes.

Figure 2.9. HNu Photonics BioChips for Mobile SpaceLab

The Biochips each contain 4 polycarbonate glass wells for cell culture. Samples are loaded into
BioChips prior to spaceflight before being inserted into MoSL. After insertion, MoSL is responsible
for maintaining cell culture conditions prior to and during launch.
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Chapter 3. Results

The goals of my thesis were to assess the effect of microgravity on cytoskeletal
dynamics, axonal transport, and cellular stress. My hypotheses followed the notion that
microgravity will disrupt cytoskeletal organization and have deleterious effects on neurite
outgrowth, axonal transport of mitochondria, mitochondrial physiology, and cytoskeletal
ultrastructure. To pursue these hypotheses, experiments were designed in collaboration
with HNu Photonics to utilize their MoSL hardware in actual microgravity and obtain data
demonstrating cytoskeletal dynamics in a neuron-like model. The data obtained in
microgravity can then be compared to two control groups: a ground control (Earth,
normogravity) (GC) for normal cell culture conditions, and a ground control for cell culture
conditions in a MoSL situated on Earth. Unfortunately, due to the unforeseen
circumstances of the CoViD-19 pandemic, various delays have affected our ability to send
the MoSL to the ISS (Discussed in Section 4.4), and this portion of experiments will be
performed at a later date. The experiments presented in this thesis represent the validation
and quantification of GC experiments within a normal cell culture environment. Upon
completion of microgravity-based experimentation the data presented here will be
combined with data obtained in the MoSL, and a full comparison of the effects of

microgravity on cytoskeletal dynamics, axonal transport, and cell health will be performed.

3.1. SH-SY5Y Pre-Flight Characterization

3.1.1. Neuronal Morphology and Phenotype

My first goal was to characterize if transformed SH-SY5Y cells exhibit normal
parental cell line characteristics. Virus-mediated transfections are prone to immunogenic
and cytotoxic responses in host cells due to the random insertion of viral vectors into the
host genome. If viral vector insertion disrupts expression of tumor suppressor genes or
essential protein expression, unwanted cancerous or unviable cell phenotypes may
emerge (Kim & Eberwine, 2010). To accomplish this, | monitored cell morphology
throughout the time course of differentiation. Normal characteristics of mature neuron-like
cells includes the expression of thin, long neurites, and an overall decrease in the surface

area of the soma in favour of rounded, phase-bright cell bodies.
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Figure 3.1. demonstrates representative SH-SYS5Y cells at various stages of
differentiation. Over the time-course of differentiation, SH-SY5Y cells grew long, thin
neurites that continuously grew proportionally to the time spent in differentiation media
(RA and subsequent BDNF). Furthermore, many cell bodies had a reduced surface area
and exhibited a characteristic rounded phase-bright morphology. Thus, | concluded that
the transformed cell line exhibited normal characteristics of differentiated neuron-like cells.
SH-SY5Y cells differentiated in RA and BDNF were also positive for the neuron-specific
tubulin subunit, BllI-Tubulin (Figure A.2.). This result indicates that the transformed cell
line exhibits typical biochemical differentiation comparable to literature (Jing et al., 2016;
Kazemi et al., 2020).

Figure 3.1. Characterization of transformed SH-SY5Y cell line

A) Representative phase-contrast image of undifferentiated SH-SY5Y cells aged 5-days on glass
coverslips. B) Representative phase-contrast image of partially differentiated SH-SY5Y cells,
aged 5-days in RA (10-days since plating on coverslips). C) Representative phase-contrast image
of differentiated SH-SY5Y cells aged 10-days in BDNF (20-days since plating on coverslips).
Scale bars: 25um.

My second goal was to determine the survivability of differentiated SH-SY5Y cells.
Decreased long-term viability of differentiated cells has been reported due to prolonged
nutrient deprivation (Encinas et al., 2002; Strother et al., 2021). Because our differentiation
protocol and follow-up experimentation in actual microgravity will take place over a 21-day
period (Figure 2.1.), it was important to ensure the transformed cell line would remain
viable for a minimum of 21-days following induction. SH-SYS5Y survival over the course of
differentiation was assessed and quantified in MoSL hardware by Brittany Willebrand, a
collaborator employed by HNu Photonics. This data was shared with me and included
within this section with permission (Figure 3.2.). Over a 21-day period, the estimated
percent of remaining viable cells was visually assessed and quantified (Figure 3.3.).
Approximately 75% of cells remained viable by the end of the 21-days. Cells were then
continually monitored to determine the maximum duration of SH-SY5Y viability post-

induction. These results indicated significant reductions in cell survival by 24-days post-
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induction, and almost no viable cells remained by day-28 (Figure 3.2.E-F; Figure 3.3.).
The observed viability of SH-SY5Y cells for at least 21-days supports the conclusion that
the parental SH-SY5Y phenotype was not altered post-transformation. Furthermore, these
results confirm that SH-SY5Y viability is not altered by incubation in BioChips and MoSL

hardware on Earth.

Figure 3.2. SH-SY5Y long-term survivability and death on MoSL hardware
Representative images of SH-SY5Y cells cultured in MoSL hardware, imaged at 10X
magnification. A) Undifferentiated cells, freshly plated on polycarbonate glass BioChips. B)
Undifferentiated cells aged 2-days in BioChip. C) Partially differentiated cells, aged 5-days in RA
(10-days total). D) Differentiated cells, aged 10-days in BDNF (20-days total). E) Differentiated
cells, aged 24-days total. F) Differentiated cells, aged 28-days total.
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Figure 3.3. Quantification of SH-SY5Y survivability on MoSL hardware
Quantification of estimated cell viability in transfected SH-SY5Y cells. Reduced viability was
noted after BDNF treatment but without significant effect on 3-week experiment timeline.

3.1.2. Fluorescent Marker Stability

Next, | investigated the long-term expression and resistance to photobleaching of
the two transfected fluorescent proteins in our cell line. A stably transfected cell line should
ideally express the transgene in all cells with consistency in expression patterns over time.
However, it has been noted that modifications such as transcriptional silencing triggered
by epigenetic modifications of exogenous DNA may be responsible for nonuniform,
mosaic expression patterns observed in some transgenes over time. Certain promoters
are known to be susceptible to methylation proportionally to the number of DNA replication
cycles (Brooks et al.,, 2004; Hsu et al., 2-10; Moritz et al., 2015). To ensure that 1)
fluorophores properly localize to target proteins and 2) fluorophore expression patterns
remained consistent throughout the time-course of differentiation, | monitored and
quantified the relative fluorescent intensities of the two markers at the beginning and end

of differentiation.

To confirm fluorophore localization to target proteins, high resolution images of
fixed SH-SY5Y cells stained for ATP5A or a-tubulin were captured and analyzed.
Mitochondrial membrane ATP-synthase F1 subunit alpha (ATP5A) localizes to
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mitochondrial ATP synthase on the inner mitochondrial membrane, and antibody staining
can be utilized for localization and visualization of mitochondria (Goldberg et al., 2018).
The stably transfected protein, GFP fused to a mitochondrial targeting sequence (MTS)
was imaged at high resolution and its localization compared to that of ATP5A via visual
colocalization analysis. It was found that GFP-MTS fluorescent expression patterns were
highly correlated to sites of ATP5A fluorescence, thus leading to the conclusion that GFP-
MTS was properly localizing to endogenous mitochondria (Figure 3.4.). Similarly,
fluorescent RFP-EB3 was confirmed to localize to the plus-end of microtubule tracks via
visualization of the microtubule heterodimer subunit, a-tubulin (Figure 3.5.). To further
confirm proper EB3-localization, distance-time graphs (kymographs) indicated that RFP
moved in anterograde comet patterns, which is a distinct characteristic of +TIP proteins
including EB3 (Reviewed in section 1.2.1.1.) (Figure 3.9.).
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Figure 3.4. Expressed GFP-MTS colocalizes with ATP5A

A) Expression of transfected GFP-MTS in SH-SYS5Y cells. B) Expression of immunologically
stained ATP5A. C) Overlay and colocalization between GFP-MTS and ATP5A. D) Insets of C)
highlighting mitochondrial network structures and complete colocalization of GFP-MTS and
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ATP5A. Scale bar: 25um. E) Linescan analysis of relative pixel intensies comparing GFP-MTS
and ATP5A-Cy5 across the horizontal line present in A) and B).
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Figure 3.5. Expressed RFP-EB3 colocalizes with tubulin

A) Expression of transfected RFP-EB3 in SH-SY5Y cells. B) Expression of immunologically
stained a-Tubulin. C) Overlay and colocalization between RFP-EB3 and Tubulin. D) Insets of C)
highlighting RFP presence and colocalization to tips of linear microtubules. Scale bar: 25um. E)
Linescan analysis of relative pixel intensies comparing GFP-MTS and ATP5A-Cy5 across the
horizontal line present in A) and B).

| then aimed to quantify the stability of fluorophore expression patterns throughout
the time-course of differentiation. To accomplish this, fluorescence intensities of RFP-EB3
and GFP-MTS were quantified in either undifferentiated or fully differentiated SH-SY5Y
cells using 400X magnification images obtained from videos captured overnight with an
automated recording protocol as described in section 2.5. It was found that both GFP-
MTS and RFP-EB3 displayed stable and consistent expression patterns throughout the

time course of differentiation (Figures 3.6., 3.7.) Mean fluorescence intensity was then
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compared between undifferentiated and differentiated cells, and no statistically significant
differences were found (Figure 3.8.). These results imply that the expression of the two
transfected markers is stable for at least the duration of the experimental timeframes in
this thesis, and their expression is not reduced in the long-term due to repeated cycles of

fluorescent video capture.

Figure 3.6. EB3-RFP expression is stable throughout differentiation

A) Representative image of undifferentiated SH-SY5Y cells aged 5-days on glass coverslips. B)
Differentiated SH-SY5Y cells, aged 10-days in BDNF on glass coverslips (20-days since plating
on coverslips). Overall fluorescent intensity level is consistent between conditions and expression
patterns of RFP-EB3 remain consistent throughout differentiation. Scale bars: 50um.
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Figure 3.7. GFP-MTS expression is stable throughout differentiation

A) Representative image of undifferentiated SH-SY5Y cells aged 5-days on glass coverslips. B)
Differentiated SH-SYS5Y cells, aged 10-days in BDNF on glass coverslips (20-days since plating
on coverslips). Overall fluorescent intensity levels are consistent between conditions and
expression patterns of GFP-MTS remain consistent throughout differentiation. Scale bars: 50um.
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Figure 3.8. Quantification of relative transgene expression levels

Comparison of relative fluorescent intensity expressed as a % of background signal in both RFP-
EB3 and GFP-MTS in undifferentiated vs. differentiated SH-SY5Y cells. Graphs show mean +
SEM. Statistical differences were calculated using GraphPad Prism 9. An unpaired t-test was
performed on each pair. RFP: p=0.544110, n=10 for each group. GFP: p=0.577581, n=10 for
each group.

3.2. Cytoskeletal Dynamics

3.2.1. End-Binding Protein 3 Transport

To determine microtubule dynamics in differentiating SH-SY5Y neurites, |
recorded dynamic RFP-EB3 comets in differentiating SH-SY5Y cells and quantified their
velocities via kymograph analysis throughout the time-course of differentiation. Tracking
EB3 is a recognized and validated method used to discern changes in microtubule
dynamics, including during neuronal differentiation (Stepanova et al., 2003). The data
presented in this section constitutes the ground control and can be used as a baseline for
the comparison of data obtained in the future representing EB3 velocity in a microgravity

environment.

My first task was to establish a data collection protocol that could mirror the hourly
RFP-EB3 recording that will be conducted in microgravity by the MoSL. With help from a
technician employed by MetaMorph Software, an automated imaging regimen (journal)

was designed wherein fluorescent videos of RFP-EB3 transport would be recorded at 3
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locations on a glass coverslip, every 45-minutes, for 12-hours. This journal ran every-night
for 15 consecutive nights, fully encapsulating the time-course of RA and BDNF-mediated

differentiation.

| then quantified the velocity of EB3 comets in differentiating neurites by generating
kymographs (distance-time graphs) in MetaMorph software (See section 2.6. for
kymograph generation protocol). A majority of EB3 movement was in the anterograde
direction, as indicated by positively sloped lines in the kymograph (Figure 3.9.C.). The
average velocity of EB3 comets did not significantly change at any point throughout the
course of differentiation (Figure 3.9.D.), with an overall mean velocity of 0.20 = 0.06 ym/s
(n=3394). Previous authors have reported an EB3 comet velocity in differentiating neurons
equal to 0.22 + 0.04 um/s (Stepanova et al.,, 2003). This value is comparable to my
reported EB3 comet velocity, and as such, | concluded that our transfected SH-SY5Y cell
line displays microtubule dynamics comparable to neuronal models. Following SH-SY5Y
differentiation in actual microgravity on the MoSL, kymograph analysis will similarly be
performed using the procedure outlined in this thesis. EB3 comet velocity may then be
compared to the ground-control data generated and analyzed within this framework.
Following integration of microgravity-data, statistical analysis for differences in EB3 comet
velocity between ground control and microgravity exposure will be conducted via 2-way
ANOVA with Tukey’s post hoc test.
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Figure 3.9. EB3 transport and kymograph analysis

A) Video frame from recorded EB3 trafficking in a fully differentiated SH-SYS5Y cell. The 125um
neurite was traced and a kymograph representing EB3 transport was generated and quantified.
B) Inset highlighting individual EB3 comets. C) Kymograph generated from neurite in A). EB3
comets moving in anterograde are represented by positively sloped lines and EB3 comets moving
in retrograde are represented by negatively sloped lines. Total time of recording = 60 seconds. D)
Quantification of EB3 comet velocity at 24-hour intervals throughout time course of differentiation.
Data presented as mean + SD. Mean EB3 velocity was equal to 0.20 + 0.06 pm/s (n=3394).

3.2.2. Neurite Outgrowth and Morphology

To further elucidate the effects of microgravity on microtubule dynamics in
neurites, | recorded dynamic neurite outgrowth in differentiating SH-SY5Y cells and
quantified outgrowth velocity and the lengths of neurites throughout the time-course of
differentiation. Neurite outgrowth during development relies on microtubule elongation,
and disruption to microtubule organization impairs neurite outgrowth (discussed in section
1.2.3.). When microtubule organization is disrupted, the velocity of neurite outgrowth is
slowed. The number of neurites expressed per cell may also increase, while the mean
length of such neurites may be shorter than that of control neurons (Riederer et al., 1997).
Thus, changes in quantitative measures of neurite outgrowth may be used as a proxy to

identify changes in cytoskeletal organization.

To accomplish this goal, | utilized the MetaMorph journal described in section
3.2.1. A phase-contrast image at 3 separate microscope stage locations with living SH-
SY5Y cells was captured every 15-minutes for 12-hours. This journal ran overnight for 15-
consecutive nights, fully encapsulating the time-course of RA and BDNF-mediated
differentiation. The captured phase-contrast images were converted to a Z-stack and
analysed using the TrackPoints function in MetaMorph Software (reviewed in section
2.7.1.). The output of this analysis was exported to an Excel spreadsheet, and the overall
rate of neurite outgrowth velocity was calculated. | observed that the neurites of
differentiating SH-SY5Y cells advanced at a mean rate of 28.57 + 13.7 ym/h during RA-
mediated differentiation (Figure 3.10.A). Following this, | quantified the fraction of total
outgrowth time spent in phases of advancement, retraction, or pause. Growing neurites in
SH-SYS&Y cells spent approximately 46% of the time advancing, 43% of the time retracting,
and the remaining 10% of the time paused (Figure 3.10.B). Previous values of neurite
outgrowth in literature haver reported mean rates of outgrowth approximately equal to 25

um/h, which is comparable to my reported value of 28.57 ym/h (Miller & Suter, 2018).
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Thus, | concluded that neurite outgrowth in our transformed SH-SY5Y cell line occurs at

a rate comparable to mammalian neurons.

A third analysis of neurite outgrowth was performed wherein the lengths of neurites
during each stage of differentiation were quantified. Disruption to microtubule dynamics
and organization is known to cause a reduction in neurite length and an increase in the
number of short neurites (Riederer et al., 1997). By quantifying the length of neurites in
differentiating SH-SY5Y cells, we may compare the lengths of neurites in ground control
cells (demonstrated here) versus the length of neurites differentiating in microgravity

conditions.

Quantification of neurite length indicated that the bulk of neurite outgrowth
occurred within the first-5 days of differentiation, coinciding with RA treatment (Figure
3.11.). Undifferentiated cells (mean length = 26.62 + 11.23 ym, max length =61.51 ym)
grew until reaching a mean length of 82.75 £ 44.04 yum and maximum observed length of
267.81 um by the end of RA-differentiation. The mean length of neurites did not increase
substantially following BDNF-mediated differentiation, where the mean neurite length in
BDNF-differentiated neurites was 104.30 pm and maximum observed length was 291.57
um (Figure 3.11.). Other publications investigating neurite length in SH-SYS5Y cells did not
grow cells for 21-days (discussed in section 3.1.), thus the length of neurites observed in
my experiments was not comparable to those studies. However, there is literature which
states that RA mediates the bulk of morphological differentiation, whereas BDNF mediates
biochemical differentiation, a trend which was supported by the results of my experiments.
(Dwane et al., 2013; Encinas et al., 2002). Following SH-SY5Y differentiation in actual
microgravity on the MoSL, quantification of neurite length will be similarly performed using
this procedure and integration of microgravity-data into this data set will allow for statistical
analysis of differences between neurites generated under microgravity conditions versus
ground control. Statistical analysis will be conducted via 2-way ANOVA with Tukey’s post

hoc test.
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Figure 3.10. Dynamic quantification of neurite outgrowth

A) Phase-contrast image of a neurite before (left) and after (right) completion of a neurite
outgrowth event during RA-mediated differentiation. The observed neurite grew at an average
rate of 29.1 um/h during times of advance, reaching its final length of 90 um after 6-hours. B)
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Mean proportion of time spent in each phase of neurite outgrowth (n=20 neurites >30um in final
length).
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Figure 3.11.

Quantification of neurite lengths throughout differentiation

A) Mean neurite length at 24-hour intervals throughout time-course of differentiation. Data
presented as mean + SD, n>50 neurites per group. B) Histogram of distribution of neurite lengths
at throughout time-course of differentiation. Wider regions of violin correspond to larger
concentration of values. Dashed lines indicate mean, dotted lines indicate SD. n>50 per group in

both representations.

3.2.3. Cytoskeletal Immunostaining

To determine the effects of microgravity on cytoskeletal ultrastructure, | visualized

and quantified the actin and microtubule cytoskeletons via antibody staining in
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differentiated SH-SY5Y cells (ground control) and differentiated SH-SY5Y cells with
pharmacologically induced disrupted cytoskeletal organisation (positive control). Using
this data, | generated a strategy which will be used to visually and quantitatively assess

the level of disorganization to cytoskeletal ultrastructure in microgravity exposed cells.

Following completion of MoSL experimentation in actual microgravity,
differentiated SH-SY5Y cells will be fixed and stored in PBS for up to 3-weeks on the ISS
before being delivered to our lab on Earth for follow-up immunostaining. To ensure that
delaying immunostaining by 3-weeks following fixation did not influence cytoskeletal
ultrastructure, | assessed the effect of aging on fixed coverslips stored in isotonic PBS
over a 3-week duration. Differentiated cells that were fixed in PFA and stained immediately
(Fresh-stain) were compared to cells that were fixed in PFA, stored in isotonic PBS at

room temperature in the dark for 3-weeks, and then stained (Aged-stain).

When comparing the actin and microtubule cytoskeletons in cells that were freshly
stained versus aged prior to staining, no differences or perturbations to actin or
microtubule cytoskeletal structure were observed (Figure 3.12., Figure 3.14.).
Quantification of fluorescence intensity in the actin cytoskeleton supported this conclusion,
as the corrected total cell fluorescence (CTCF) score was not significantly different
between the fresh or aged cell groups (Figure 3.13. E). (See section 2.7.3 for overview of
CTCF).

My next goal was to assess whether | could successfully identify disruptions to
actin cytoskeletal structure and if so, quantify these disruptions. To accomplish this task,
| compared the actin cytoskeleton of untreated SH-SYS5Y cells (ground control) to the actin
cytoskeleton of cells treated with a pharmacological disruptor of the actin cytoskeleton. By
administering 1 uM of the actin polymerization inhibitor latrunculin-A (lat-A) for 30-minutes,
extreme disruptions to actin cytoskeletal organization were observed (Figure 3.13.). Cells
lost their ability to maintain shape, as indicated by a reduction in the surface area of the
cell bodies, and rounded morphology. Characteristic linear actin fibers were observed in
ground control cells (Figure 3.12, Figure 3.13. A,C), which were not present in lat-A treated
cells (Figure 3.13. B,D). Rather, lat-A treated cells were observed to contain bright spots
of fluorescent actin, indicative of F-actin disassembly and sequestering mediated by lat-A
(Fujiwara et al.,, 2018). | then aimed to quantify the differences observed in actin

cytoskeletal structure. Similar to previously described results in this section, a CTCF score
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representing actin cytoskeletal fluorescent intensity was generated by tracing individual
cells from high resolution images. Quantification of actin cytoskeletal CTCF revealed
statistically significant differences in CTCF score resultant of treatment (Figure 3.13. E).
These results indicate that this quantification method can successfully be utilized to score
visually identified differences in actin cytoskeletal structure of our transformed SH-SY5Y
cell line. Following data collection in microgravity exposed cells cultured in the MoSL,
analysis and quantification of the actin cytoskeleton will similarly be performed on
microgravity exposed cells using the procedure outlined here. Integration of microgravity
data within the dataset reported in this thesis will allow for follow-up statistical analyses
comparing ground control to microgravity, and microgravity to lat-A treated cells. This
analysis will allow for a comparative view of the effects of microgravity on the actin
cytoskeleton compared to a positive control for complete cytoskeletal disruption. Statistical

analyses of these experiments will be performed using an unpaired Student’s t-test.
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Actin-Phalloidin-647 Inset

Fresh-fix Stain

Aged-fix Stain

Figure 3.12. Actin cytoskeletal organization is not affected by time between
fixation and staining

Visualization of the actin cytoskeleton via Phalloidin-647 staining and imaging at 630X

magnification. A) Differentiated SH-SY5Y cells stained immediately following fixation. B) Inset of

A). Arrows indicate individual linear F-actin fibers. C) Differentiated SH-SY5Y cells stained

following 3-weeks of aging in isotonic PBS. D) Inset of C). Arrows indicate individual linear F-actin

fibers. Scale bar: 50um.
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Figure 3.13. Effect of Latrunculin-A on the SH-SY5Y actin cytoskeleton
Visualization of the actin cytoskeleton and nuclei via Phalloidin-647 and DAPI staining and
imaging at 630X magnification with or without pharmacologically induced actin depolymerization.
A) Untreated, differentiated SH-SY5Y cells. C) Inset of A), demonstrating detail of actin
cytoskeletal ultrastructure under baseline conditions. B) Latrunculin-A treated, differentiated SH-
SY5Y cells. D) Inset of B), demonstrating detail of actin cytoskeletal ultrastructure following
depolymerization. Scale bar: 15 pm. E) Analysis of CTCF score in either ground control or lat-A
treated cells, with or without 3-week delay in staining post fixation. Data presented as mean *
SEM. n=20 cells per group. ****: P < 0.0001.

Following quantification of the actin cytoskeleton, | shifted focus to the microtubule
cytoskeleton. Here, | aimed to assess whether | could successfully identify disruptions to
microtubule cytoskeletal ultrastructure, and if so, generate a methodology for
quantification. To accomplish this task, | compared the microtubule cytoskeleton of
untreated SH-SY5Y cells (ground control) to the microtubule cytoskeleton of cells treated
with a pharmacological disruptor of microtubule organization. By administering 1 uM of
the microtubule cytoskeleton depolymerizer, nocodazole for 1-hour prior to fixation,
extreme disruptions to microtubule cytoskeleton organization were observed (Figure 3.14.
B, D.). A qualitative assessment of microtubule cytoskeletal structure demonstrated that
untreated cells displayed long, organized microtubule structures in cell bodies and growth
cones with an abundance of neurites expressing dense, linear tubulin networks.
Nocodazole treated cells were observed to have a more diffuse tubulin staining pattern,
indicative of microtubule depolymerization and tubulin diffusion in the cytoplasm.
Noticeably less neurites projected from cell bodies in nocodazole treated cells, which
suggests axonal degeneration resultant from a loss of microtubule organization. This is
consistent with what has been reported in literature when neurons are treated with
microtubule destabilizing drugs (Verstraelen et al., 2017). Skeletonized representations of
microtubule ultrastructure were generated to further analyze the effects of microtubule
destabilization in SH-SY5Y cells (Figure 3.15). These representations of the microtubule
cytoskeleton highlight the transition from a long and straight microtubule cytoskeletal
morphology towards one with curved microtubule tips. These curved tips are commonly
seen in shrinking microtubules (catastrophe),and indicate a significant amount of the
remaining polymerized microtubules in nocodazole treated cells are actively undergoing
shrinkage (Aher & Akhmanova, 2018; Gardner et al., 2013). Skeletonized representations
illustrate this overall change in morphology. These changes are represented by a
transition from linear, angled morphology towards one of with curved and circular
morphology (Figure 3.15 C, D). These results indicate that the microtubule cytoskeleton

can successfully be qualitatively analyzed in our transformed SH-SY5Y cell line.
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Furthermore, the effects observed resulting from nocodazole treatment were consistent
with what has been reported in literature in cells exposed to microtubule polymerizing
drugs. These results indicate that it will be possible to compare the microtubule
cytoskeleton in cells exposed to actual microgravity to either ground control cells, or

positive controls for microtubule disorganization.

Positive Control
Ground Control 1h, 1uM Nocodazole
N B Ny =1
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Figure 3.14. Effect of nocodazole on the SH-SY5Y microtubule cytoskeleton
Visualization of the microtubule cytoskeleton via a-Tubulin immunostaining and imaging at 630X
magnification. A, C) Fixed, untreated cells stained immediately following fixation (A) or following
3-weeks incubation in isotonic PBS (C). B, D) Fixed cells treated with 1 yM Nocodazole for 1h,
stained immediately following fixation (B) or following 3-weeks incubation in isotonic PBS (D).
Scale bars: 15um.
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Positive Control
Ground Control 1h, 1uM Nocodazole

Skeletonized

Figure 3.15. Microtubule cytoskeletal ultrastructure

A) Detailed view of microtubule ultrastructure in fixed, untreated differentiated SH-SY5Y cell
bodies. B) Detailed view of microtubule ultrastructure in fixed, nocodazole treated differentiated
SH-SY5Y cell bodies. C) Skeletonized representation of A. D) Skeletonized representation of B.

3.3. Axonal Transport of Mitochondria

To determine the effects of microgravity on axonal transport of mitochondria, |
recorded and analysed the trafficking of fluorescently tagged mitochondria (GFP-MTS) in
differentiating SH-SY5Y cells. The regulation of mitochondrial transport is required to
maintain proper physiological function of energetically active axons and synapses. Axonal
transport is reliant on proper microtubule organization to act as binding sites for the kinesin
and dynein motor proteins that facilitate mitochondrial transport, and disruption to
microtubule organization can lead to impaired synaptic and axonal energetics (Chada and
Hollenbeck, 2004; Morris and Hollenbeck, 1993). Thus, the analysis of mitochondrial

transport serves two purposes: 1) It serves as a proxy for evaluation of the effects of
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microgravity on microtubule network stability, and 2) identification of disruptions to
mitochondrial transport resultant from microgravity may imply the presence of other

downstream effects to axonal energetics and health.

To accomplish this task, | collected fluorescent videos of mitochondrial transport
using the journal described in section 3.2.1. Two-minute recordings of GFP-MTS were
captured at 3 locations on a glass coverslip containing living SH-SY5Y cells every 45-
minutes for 12-hours. This journal ran every-night for 15-consecutive nights, fully
encapsulating the time-course of RA and BDNF-mediated differentiation. | then quantified
mitochondrial transport dynamics by generating kymographs in MetaMorph. Upon
qualitative observation of kymographs, | observed that a large fraction of mitochondrial
fluorescence was stable (non-moving), indicated by horizontal lines on the kymograph
(Figure 3.16. C). These mitochondria were excluded from quantitative analysis so that
only observe data representing the dynamic transport of mitochondria would be included.
To exclude stable mitochondria, a minimum run length of 1 ym was used as a cut off for
analysis of mitochondrial transport events. Other authors have reported that the average
run length of mitochondrial trafficking events is within the range of 0.7 - 1.7 pym
(Narayanareddy et al., 2014). However, limitations based on MoSL hardware require the
use of a 40X dry air objective for this experiment (400X magnification), and identification
of short transport events below 1 uym are indistinguishable from non-moving mitochondria

at this level of resolution on our microscope (Discussed further in Section 4. 4).

Mitochondrial velocity and run lengths were obtained through tracing kymographs
in MetaMorph, and mitochondrial flux was subsequently calculated in an excel
spreadsheet. Flux can be thought of as an index of bulk transport, defined as the total
distance traveled by mitochondria standardized by the length and duration of each movie
(in micrometer-minutes), Y.i*, d;/t , where d; are the individual mitochondrial run lengths,
| is the length of axon imaged, and t is the duration of the imaging session. The mean flux
of mitochondrial transport was found to be 4.80 + 1.65, with a slight bias towards
retrograde transport (Table 3.1. Row 1). The mean velocity of mitochondrial trafficking was
0.15 £ 0.15 ym/s and mean run length 4.65 + 3.29 ym (Table 3.1.). Because of the
exclusion of short run length events in my analysis, there was a wide range in values (i.e.,
large SDs, large mean run length) for all parameters due to increased statistical weighting
of long run length transport events. Thus, | also reported the median velocity (0.09 um)

and velocity range (Table 3.1. Row 3, 4) to provide my analyses with a greater number of
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reference points for eventual comparisons with axonal transport under microgravity
conditions. Mitochondrial velocity was slower than values reported in literature, which have
been reported to be around 0.30 uym/s and as high as 0.60 um/s as compared to 0.15
um/s reported here (Gan & Silverman, 2016; Niescier et al., 2016). | hypothesize that this
result is due to a possible lack of synaptic activity and axonal signal transduction due to
the inability of SH-SY5Y cells to form true synapses (discussed in sections 1.2.2. and
1.2.3.) (Figure A.1.). A lack of mature synapse formation in SH-SY5Y cells would implicate
reduced synaptic and axonal energetic requirements, and thus downregulation of
signaling pathways which promote mitochondrial transport. This hypothesis also explains
the slight retrograde bias observed in flux. Overall, these results indicate that
mitochondrial trafficking in SH-SY5Y cells may not represent organelle trafficking
dynamics of true neurons. However, differences observed between values reported here
and values obtained in the future from microgravity exposed cells may still inform us of
changes to microtubule dynamics resulting from microgravity exposure. Following
integration of microgravity data, statistical analysis for differences in MTS flux, velocity,

and run length will be conducted using multiple unpaired t-tests.

Table 3.1. Quantification of mitochondrial transport
All events Anterograde | Retrograde
Flux (min-') 480 +1.65 197 +£1.23 2.83+2.04
Mean Velocity (um/s) 0.15+0.15 0.11+0.08 0.22+0.19
Median Velocity (um/s) | 0.09 0.09 0.18
Range (umis) 0.02-0.70 0.02-0.35 0.03-0.70
Run Length (um) 4.65 +3.29 3.95+2.46 5.58 £4.00
n 67 38 29
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Figure 3.16. Mitochondrial transport and kymograph quantification

A) Video frame from recorded MTS trafficking in a fully differentiated SH-SY5Y cell. The 125 ym
neurite was traced and a kymograph representing mitochondrial transport was generated and
quantified. Scale bar = 30um. B) Inset highlighting individual motile mitochondria, rotated 90°
clockwise for visibility. C) Kymograph generated from neurite in A). Anterograde movement
events are represented by positively sloping lines. Retrograde movement events are represented
by negatively sloping lines. Horizontal lines represent stationary mitochondria. Total time of

recording = 120 seconds.

2 min
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3.4. Quantification of Cellular Stress

3.4.1. TIA-1 Stress Granules

To determine the effects of microgravity on cellular stress, | visualized the
expression of T cell-Restricted Intracellular Antigen (TIA1) in fixed SH-SY5Y cells with or
without treatment of stressful stimulus, and quantified high resolution fluorescent images
of TIA1 distribution patterns and SG formation. This quantification method was then used
to generate a spectrum wherein the eventual quantification of TIA1 in microgravity
exposed cells can be placed within and compared to GC cells. TIA1 is an RNA-binding
protein primarily involved in post-transcriptional modification of RNA and is involved in the
induction of DNA fragmentation during apoptosis (Fernandez-Gémez et al., 2022). It is
also a key component of stress granules (SGs), which are stress-related protein
aggregates described in section 1.4. In cell culture experiments, immunostaining of stress
markers including TIA1 may be performed to visualize and assess SG dynamics following
application of an exogenous stressor, such as heat shock. The upregulation of various
SG-forming and stress-related proteins has been widely demonstrated in genomic and
proteomic experiments during microgravity exposure (Discussed in section 1.4.), implying

that the effects of microgravity lead to downstream effects that may be stressful for cells.

To determine the effects of microgravity on TIA1 protein distribution patterns, |
stained fully differentiated SH-SY5Y cells for TIA1 with or without immediate previous
exposure to a heat shock (HS) stressor (43°C, 2-hours). HS treatment is known to yield
robust TIA1 SG formation (Kedersha et al., 1999; Kedersha et al., 2000). As such, | chose
HS stress as a positive control for quantification of TIA1 SGs and compared these results
to ground control cells. Figure 3.17. A-D) demonstrates TIA1 SG formation prior to and
following HS in differentiated SH-SY5Y cells on Earth. Following a stressful stimulus, TIA1
distribution within cells is rearranged from evenly distributed staining patterns towards the
formation of multiple bright, speckled SGs and a translocation of protein expression from
within the nucleus to the cytoplasm (Kedersha et al., 1999; Kedersha et al., 2000). Thus,
I quantified 1) the number of cytoplasmic TIA1 puncta per cell, and 2) the relative nuclear

TIA1 immunofluorescence per condition.

Cytoplasmic TIA1 puncta were quantified using ImageJ software as described in

section 2.7.4. A nuclear mask was generated and applied to exclude nuclear TIA1 staining
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in both control and HS treated cell groups. Following this, a threshold was applied at equal
magnitude to images, to subtract background fluorescence and isolate bright TIA1 positive
punctae. Statistical analysis revealed significant differences in the number of TIA1 punctae
between control and HS treated cells (Figure 3.17. E). A second analysis was performed
where the relative fluorescence intensity within the nucleus of control or HS-treated cells
was quantified and compared. This analysis revealed statistically significant differences
between relative nuclear fluorescence intensity of untreated versus HS-treated SH-SY5Y
cells. Furthermore, both quantitative results align with the qualitatively identified increases
in TIA1 punctae following HS, and qualitatively identified decreases in TIA1 signal within
nuclei following HS (Figure 3.17 A-D), respectively. Thus, | concluded that the transformed
SH-SY5Y cell line expresses a normal stress response phenotype, and that this

phenotype can be quantified and analyzed using established methods in the field.

Following SH-SY5Y differentiation in actual microgravity on the MoSL, SG analysis
and TIA1 redistribution analysis will be performed using these procedures. The values
generated from microgravity-exposed cells may then be compared to the controls
analyzed within this framework, and the degree of stress-induced TIA1 SG formation may
be quantified with respect to a well understood stressor on Earth. Both quantitative and
qualitative analysis of stress marker protein expression has never been performed in

microgravity exposed cells, making these results significant for being the first of their kind.
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Figure 3.17. TIA1 stress granule analysis

A) ICC of TIA1 in untreated, differentiated SH-SY5Y cells. B) Inset of A). C) ICC of TIA1 in HS
treated, differentiated SH-SY5Y cells. Scale bar: 25um. D) Inset of C). E) Quantification of the
number of cytoplasmic puncta per cell positive for SG marker TIA1 in A) or B) (arrows).

****P < (0.0001 by unpaired Student’s t-test, n=10 cells per group. F) Quantification of total nuclear
TIA1 immunofluorescence. ****P < 0.0001 by unpaired Student’s t-test, n=10 cells per group.
Data presented as mean + SEM.

3.4.2. Mitochondrial Network Analysis

To evaluate the effect of microgravity on mitochondrial network organization, |
quantified the mitochondrial network in fully differentiated SH-SY5Y cells using
Mitochondrial Network Analysis (MiNA) (Described in Section 2.7.2.). These quantification
methods were used to generate a spectrum wherein the eventual quantification of
mitochondrial network morphology in microgravity exposed cells can be placed within and
compared to GC cells. Observations of increased oxidative stress in microgravity
conditions (described in section 1.4.) have led many to presume these observations are
resultant of disruptions to mitochondrial physiology. MiNA allows for the quantification of
the dynamic mitochondrial network, which is representative of changes in overall

mitochondrial morphology resulting from mitochondrial fusion and fission.

To accomplish this goal, | analyzed high resolution images of fixed, differentiated
SH-SY5Y cells with or without previous exposure to Carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone (FCCP), a strong disruptor of mitochondrial physiology.
FCCP is a mitochondrial oxidative uncoupler, which results in severe disruption to
mitochondrial physiology that are visually identifiable through observable of mitochondrial
morphology. The results of mitochondrial network analysis in FCCP treated cells
demonstrates fragmentation and reduced dynamics of mitochondrial network branching
(Valente et al., 2017). Conducting MiNA on untreated and FCCP treated cells results in
several quantitative outputs which all serve to identify differences in mitochondrial network
dynamics. Data representing the mean number of punctate mitochondria per cell, number
of networks per cell, branches per mitochondrial network, and branch length per
mitochondrial network were obtained in treated and untreated cells, and then statistically

analyzed.

Statistical analysis identified a significant increase in punctate mitochondria per
cell and number of networks per cell, and a significant decrease in branch length per

mitochondrial network following FCCP treatment. The number of branches per
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mitochondrial network was not significantly different between conditions (Figure 3.16. C-
F). These results indicate that FCCP is indeed capable of inducing fragmentation of the
mitochondrial network in our SH-SY5Y cell line, and quantitative analyses confirm these
observed differences in mitochondrial network morphology following FCCP treatment, as

demonstrated in Figure 3.18 A-B.

Following SH-SY5Y differentiation in actual microgravity on the MoSL, MiNA
analysis will similarly be performed using the procedures outlined in this thesis. The values
generated from microgravity-exposed cells may then be compared to the controls
analyzed within this framework, and the degree of microgravity-induced mitochondrial
network dysregulation may be quantified with respect to a well understood control of

disrupted mitochondrial physiology on Earth.
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Figure 3.18. Mitochondrial network analysis of differentiated SH-SY5Y cells

A) Visualization of mitochondria and mitochondrial networks in untreated, differentiated SH-SY5Y
cells. B) Visualization of mitochondria and mitochondrial networks following 30-minutes FCCP
treatment in differentiated SH-SY5Y cells. C) Quantification of the mean number of punctate
mitochondria per cell. D) Quantification of the mean number of mitochondrial networks per cell. E)
Quantification of the mean branches per mitochondrial network. F) Quantification of the mean
branch length per mitochondrial network. All data presented as mean + SEM. *P<0.05, **P<0.01.
n=35 cells per group. All analyses performed using an unpaired Student’s t-test.
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Chapter 4. Discussion

4.1. Summary

Microgravity is one of the unique environmental pressures organisms must face
while visiting outer space. To counteract the pressures of the microgravity environment,
physiological systems must adapt by utilizing and adjusting their innate homeostatic
responses to fit the perceived environment. Because humanity attained the level of
technology to reach outer space relatively recently and the cost of conducting research in
space is prohibitively expensive, there are major gaps in our understanding of the
mechanisms by which physiological systems adapt to microgravity. Among the knowledge
we do have, however, is that the cell cytoskeleton is one of the systems that is most
affected by microgravity pressures. The cytoskeleton is particularly important in neurons,
whose polarisation is both dependent on cytoskeletal structure, and further requires active

transport along the cytoskeleton to fulfill subcellular homeostatic needs.

In hopes to characterise the effect of microgravity on the neuronal cytoskeleton,
intracellular trafficking, and cell health, this thesis details a strategy of experiments and
procedures that will allow for the eventual assessment of the effect of microgravity on said
functions. Through collaboration with HNu Photonics and use of the Mobile SpacelLab and
BioChips, my research characterises SH-SY5Y cells as a neuron-like model that will be
sent to outer space for the purposes of attaining dynamic cytoskeletal data in a neuronal
model in outer space. This will lead to the first ever quantification of cytoskeletal dynamics

and axonal transport in actual microgravity.

To quantify the effects of microgravity on cytoskeletal organization, | generated a
dataset highlighting the ground-control behaviour of SH-SY5Y cells. First, | quantified
normal microtubule dynamics in SH-SY5Y cells by tracking EB3 comets in the neurites of
differentiating cells. EB3 velocity was constant throughout differentiation, with an average
velocity of 0.20 + 0.06 um/s. | then quantified the velocity of neurite advancement during
outgrowth as a proxy for cytoskeletal dynamics. These experiments demonstrated that
neurites advance at a rate of 28.57 + 13.7 pym/h during periods of RA-mediated
differentiation, which is when a majority of outgrowth occurs. Lastly, | developed a semi-

quantitative strategy for the comparison of actin and microtubule cytoskeletal
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ultrastructure in microgravity-exposed cells to ground control cells that were treated with

or without pharmacological-induced disruption to cytoskeletal ultrastructure.

To quantify the effects of microgravity on axonal transport of mitochondria, and by
proxy microtubule organization, | quantified mitochondrial transport dynamics in SH-SY5Y
cells. Mitochondria in differentiating SH-SY5Y had a mean velocity of 0.15 ym/s and an
average run length of 4.65 um (Table 3.1.). Calculation of mitochondrial transport flux
indicated a slight bias towards retrograde over anterograde transport (2.83 retrograde

versus 1.97).

Finally, to study the effects of microgravity on cellular health, | focused on cellular
stress granules and mitochondrial network morphology to generate a quantitative
framework in which these measures can be reliably attained in SH-SY5Y cells, and further,
used to create a scale wherein the effects of microgravity on cell health and mitochondrial

network dynamics can be weighed.

In the future, the MoSL will travel to outer space and collect data representing
many of these experiments for the very first time in microgravity. Using this thesis as an
outline, | have generated a strategy to quantify and compare these data to controls on
Earth gathered under approximate conditions of how the cells will be cultured in
microgravity. The results of these experiments will play a pivotal role in expanding our
current understanding of neuronal physiology, cytoskeletal dynamics, and cell health in
actual microgravity conditions, and may help uncover sub-cellular mechanisms that could
be targeted for therapeutic intervention to better protect the health of astronauts sent on

spaceflight missions.

4.2. Expected Experiment Outcomes

In section 1.5., | outlined my experiment goals and hypothesized how microgravity
may affect the outcomes of these proposed experiments. These goals were generated
based on previously observed effects of microgravity on cell cultures; what makes this
thesis unique is that the specific methods chosen to evaluate these effects have never
been possible to attempt without the use of the MoSL. Thus, my hypotheses have sound

rationale backing them, and | can reasonably expect certain experimental outcomes.
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Cytoskeletal structure and organization are disrupted in cellularodels exposed to
microgravity. Previous experiments demonstrated irregular actin and microtubule
organization, shortening of polymerized microtubules, thinning of F-actin, and irregular
expression and distribution of cytoskeletal monomers (Carlsson et al., 2003; Grenon et
al.,, 2013; Hughes-Fulford & Lewis, 1996; Rijken et al., 1992; Ulbrich et al., 2011). |
hypothesized that microgravity-induced cytoskeletal disruption will impair (1) neurite
outgrowth, (2) EB3 transport dynamics and (3) cytoskeletal ultrastructure. Neurite
outgrowth is dependent on microtubule elongation, and disruption to microtubule
assembly impairs neurite outgrowth. When neurite outgrowth is impaired on Earth using
treatment of microtubule disrupting drugs, the velocity of neurite extension is slowed, and
neurites may spend more time in a paused state rather than in active growth (Athamneh
et al., 2017; Verstraelen et al., 2017). Furthermore, neurite length is decreased following
impaired outgrowth on Earth (Lee, 2022; Thomson, 2021). The experiments outlined in
section 3.2. will allow me to quantify the velocity of neurite outgrowth, the relative time
spent in each stage of neurite outgrowth, and the lengths of neurites. Because (1) neural
differentiation still occurs in simulated microgravity environments, and (2) there is no
evidence that microgravity affects the ability of microtubules to polymerize at the
biochemical level (i.e., effects observed via nocodazole or taxol treatment), | expect a mild
reduction of neurite outgrowth velocity resultant of microgravity-exposure, and a net effect
of shortened maximum length of neurites (Pani et al., 2013; Pani et al., 2016). Following
this, if microtubule dynamics are mildly disrupted, then a mild reduction in EB3 velocity
within differentiating neurites is expected and this result would confirm my predictions.
Lastly, because the effects of microgravity on cytoskeletal structure are well documented
(priorly discussed in this section), | do not expect qualitative results that differ substantially
from the effects listed in this section (irregular actin and microtubule organization,
shortened microtubules, etc.). If such disruptions to cytoskeletal organization are
observed, my proposed analysis methods in section 3.2 will capture these changes, and
my proposed quantitative analyses will score actin and microtubule cytoskeletal
organization to an intermediate range of values lying between what was observed in
ground control groups and depolymerization controls (Latrunculin-A : Actin, Nocodazole:
Tubulin) (Figure 3.13. E).

| hypothesized that microgravity-induced disruption of the microtubule

cytoskeleton will impair trafficking of mitochondria. Quantification of axonal trafficking
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depends on certain minimum standards of video capture that have never been feasible in
microgravity prior to the use of the MoSL, and as such it has never been studied. My
hypothesis remains reasonable, because proper microtubule organization is required to
serve as the tracks that kinesin and dynein use to transport cargo, and the disruption of
microtubule tracks has a net effect of slowing bidirectional axonal transport (Biswas & Das
Sarma, 2014). If microgravity is a mild disruptor of microtubule organization, then
trafficking of mitochondria may be impaired, but not inhibited (Samson et al., 1979). Based
on the quantification methods outlined in section 3.3., these effects will likely manifest as
reductions in flux, mean run length, and velocity. Trafficking dynamics are a function of
the proper binding of kinesin and dynein motors to microtubules (Abraham et al., 2018).
Because axonal trafficking has never been observed in microgravity conditions, any
estimation of potential results in these experiments are implied based on the underlying
mechanics of microtubule and motor protein binding affinity. However, axonal transport
dynamics can also be affected by changes to the expression of various regulatory
scaffolding proteins, such as TRAK1/2, Milton, and JIP1 in mitochondrial systems or due
to changes in the regulatory systems that modulate the net direction of mitochondrial
trafficking (Nirschl et al., 2017). As previously discussed, our SH-SY5Y cell line does not
form mature neuronal synapses which may indicate reduced metabolic needs within
neurites, therefore resulting in reduced anterograde trafficking of mitochondria. As such,
these experiments are novel and interesting, as they will demonstrate the dynamic capture
of axonal transport in microgravity for the first time and may inform us of changes to
microtubule dynamics but may not shed light on changes to the underlying motor protein
or scaffolding dynamics if those systems are poorly represented in the SH-SY5Y model of

neuronal systems.

Lastly, | hypothesized that oxidative stress induced from microgravity exposure will
(1) impair mitochondrial physiology and (2) result in expression of stress marker proteins.
Oxidative stress resultant of simulated microgravity exposure has been observed in
neuron-like models, and aberrant alterations to expression of antioxidant factors and
stress marker proteins including TIA1 have been observed in actual microgravity (Feger
et al., 2016; Kumar et al., 2021; Kwon et al., 2006; Ulbrich et al., 2011). Furthermore,
oxidative stress is damaging to mitochondrial physiology and may cause disruptions to
mitochondrial morphology and networking dynamics (Valente et al., 2017). The

experiments outlined in this thesis will semi-quantitatively assess relative levels of cellular
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stress and mitochondrial network morphology via fluorescent intensity analysis of TIA1
distribution and stress granules, and MiNA of mitochondrial networks. Investigation of
these outcomes is often done in a fully quantitative format, and as such, there are no
qualitative or semi-quantitative experiments in the literature in microgravity conditions that
I may draw from to hypothesize the effects of microgravity on these measures. However,
the worst outcome of unresolved cellular stress is apoptosis, and while mild levels of
apoptosis are seen in cellular systems following microgravity experimentation, the levels
observed are not indicative of an inability to resolve an extreme stressor (Lin et al., 2016).
Thus, | hypothesize that the effect of microgravity-induced cell stress on stress granule
expression and mitochondrial network morphology will be mild, resulting in the values
obtained for TIA1 and MiNA quantification to lie in an intermediate range between ground
control and heat shock (TIA1) or ground control and FCCP (MiNA).

4.3. Critique of Methodology and Results

In section 3.1., | characterized whether the dually transformed SH-SY5Y cell line
exhibited normal parental cell line characteristics. | assessed this via qualitative
assessment of cell morphology and long-term survivability of cells in a normal cell culture
environment. While | was able to conclude that there were no significant differences
between the parental and transgenic cell lines, there are additional experiments that may
be required in the future to further support this conclusion. In Figure 3.1. | demonstrated
representative images of the transformed SH-SYS5Y cell line throughout the differentiation
procedure. The morphology and timeline of differentiation was comparable to SH-SY5Y
cells in literature but was not compared directly to the parental cell line. A more in-depth
analysis should be inclusive of comparison to the parental cell line, not just the cells as
compared to literature. To accomplish this, one would need to obtain and thaw a stock of
the parental cell line from liquid nitrogen storage, differentiate those cells, and take images
of the cells throughout differentiation. Another opportunity to enhance the results in this
section is in the assessment of long-term survivability. In Figures 3.2. and 3.3., |
demonstrated a timeline of SH-SY5Y cell culture survivability on MoSL hardware and
characterized the progression of cell death post-differentiation after 20-days. | concluded
that this timeline was inline with literature and was not different from parental cell line
characteristics. However, this analysis was based on estimated survivability and

qualitative observation. In literature, authors often use a live/dead assay such as trypan

78



blue to assess viable cells. The lack of this assay was not an oversight, however, as the
NASA Ames team approved the use of this cell line based on the data presented without
any additional testing required. Following this assessment, the HNu Photonics team
decided to place a greater emphasis on higher priority results, and no live/dead assay was
performed. In the future, this assay would be a simple addition to strengthen the

conclusions made in this section.

In section 3.2, | investigated cytoskeletal dynamics of SH-SY5Y cells in a ground
control setting. Here, | presented a strategy to assess disruption to actin and microtubule
cytoskeletal systems using a qualitative approach. | concluded that my methodology was
able to detect changes to microtubule cytoskeletal structure following administration of the
microtubule disruptor nocodazole. One drawback to this approach was a lack of
supplementary quantitative analyses to strengthen my assertions. In literature, it is
common for cytoskeletal disruptions to be described in a qualitative manner, and my
assessment in this report follows typical standards of said literature. In a more thorough
analysis, quantitative measures such as microtubule linearity would be provided in
addition to qualitative observations. However, computer programs that can generate such
quantitative measures often require source imaging in a much higher resolution than that
with which my analyses were conducted with. The images used in my analyses are of
adequate resolution to investigate changes to cytoskeletal structure, but not ultrastructure,
the likes of which would require access to a facility with super resolution microscopy
capabilities. In the future, if access to such microscopy capabilities were granted, then the
coverslips utilized in my experiments could be re-imaged, accompanied with coverslips
from the BioChip containing SH-SY5Y cells that have been differentiated under
microgravity conditions. If such images are captured, there exists a suitable algorithm in
MatLab Software that may be applicable to glean quantitative data representing changes
to SH-SY5Y cytoskeletal structure, dubbed “FiberScore”. An example of a quantitative
assessment using FiberScore following nocodazole treatment is presented in Figure A.4.
Similar to the example provided, this algorithm should be able to numerically represent
the qualitative changes observed in the cytoskeleton of our SH-SY5Y cell line following

nocodazole treatment or long-term microgravity exposure.

In section 3.2. and 3.4., | utilized a quantitative approach to fluorescent intensity
distribution analysis termed “Corrected Total Cell Fluorescence” (CTCF). The CTCF

protocol (discussed in section 2.7.3.) generates a relative fluorescent intensity score for
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isolated cells in an image and corrects for background fluorescence. This analysis was
performed to quantify actin cytoskeletal disassembly (section 3.2.3.) and nuclear stress
granule intensity (section 3.4.1.). Using CTCF, a statistically significant difference between
controls and post-treatment groups was observed in both use cases (actin cytoskeleton
disassembly following latrunculin treatment, and stress marker redistribution following
heat shock stress). However, it was noted that because of extreme differences between
the values prior to, and following treatment conditions in both of these experiments, it is
not clear whether the CTCF protocol would be able to capture intermediate differences.
To better understand whether CTCF can quantify intermediate effects of actin
cytoskeleton disruption and stress marker relocalization, one useful approach would be to
apply the CTCF protocol to cells that were treated in a dose-response mannerism. For
example, in the case of heat shock, some groups could be included where cells were
exposed to heat shock stress for an intermediate range of times (i.e. 30-min, 60-min, 90-
min, in addition to the 120-min presented). Then, the CTCF protocol could be applied, and
the sensitivity of the protocol may be assessed. Therefore, if the effects of microgravity on
cellular stress and/or actin cytoskeletal organization are mild, we would know beforehand
whether the proposed quantitative scoring algorithm is appropriate for assessing mild

changes.

4.4. Setbacks and Complications

This thesis was originally intended to include data obtained from microgravity-
exposed cells cultured in the MoSL. Unfortunately, due to the unforeseen circumstances
of the CoViD-19 pandemic, factors outside of my control such as spaceflight launch
delays, and supply chain shipment delays have resulted in an inability to complete these
experiments before the completion of my graduate program. Coordination of space flight
missions and research is a delicate task with many moving parts behind the scenes, and
| appreciate the immense amount of work that my colleagues and collaborators at Simon
Fraser University, HNu Photonics, and NASA have contributed to the planning and
progress of this project thus far. Current projections place the MoSL'’s inclusion on
SpaceX27, scheduled for January 2023, thereafter this project can be completed and
published.

Other complications in project design and data collection were generated in the

necessity to analyze SH-SYS5Y cells in an approximation of normal cell culture techniques
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that will closely resemble the conditions of the MoSL in actual microgravity. One such
complication is the uncertainty in precise launch date and subsequent MoSL integration
to a power source on the ISS. The initiation of differentiation and experiment procedures
cannot begin until the MoSL has been integrated into an ISS EXPRESS rack, where power
and data storage capacity can be supplied to the MoSL. Thus, SH-SY5Y cells must remain
in an undifferentiated state for an uncertain amount of time, potentially for a maximum of
5-days within MoSL hardware. Cells exhibit normal proliferative activity during this time,
and visible surface area between cells is progressively reduced as cells proliferate, leading
to clumps and growth within proximity of each other. This waiting period was also
integrated into cell culture conditions on Earth so that ground control experiments could
closely mirror microgravity-experiments. This ultimately hinders data collection, as the
imaging and analysis protocols for neurite outgrowth and axonal trafficking depend upon
being able to observe unobstructed neurites and their extensions into empty space.
Neurite-expressing cells preferentially grow neurites in the direction of other cells based
on chemically sensed axon guidance factors, and the process becomes difficult to
visualize if cells are in close proximity, resulting in neurite overlap and growth overtop cell
bodies (Aberle, 2019). Traditional differentiation experiments using SH-SY5Y cells
analyse neurites in equidistantly spaced cells, where individual neurites are visible and

unobstructed (Dwane et al., 2013).

Another complication in project design was due to limitations in availability of
replicate BioChips (polycarbonate glass slides that cells affix to, discussed in section 2.9.).
Current MoSL hardware permits the loading of two BioChips, which is equivalent to eight
wells (four per BioChip) of independently plated SH-SY5Y populations. Of those eight
wells, only four will be available for immunological staining in the post-flight
experimentation stage of the project. The other four coverslips would be treated with either
taxol or nocodazole prior to the completion of the experiments, which will likely impact the
results and expression of any potential proteins of interest (Figure 4.1.). Thus, the limited
number of coverslips was a key consideration when designing post-flight immunostaining
experiments. Post-transfection, SH-SY5Y cells expressed two fluorophores, taking up the
red (RFP-EB3) and green (GFP-MTS) colour filters on our microscope. In the context of
fluorescence microscopy, these colour channels are now unavailable to use for the
staining and expression of alternate protein markers in any of the transformed cells. It was

collectively decided that three coverslips would be stained for actin or tubulin in the far-
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red channel with one replicate, and further, that all three will be co-stained with DAPI in
the blue channel. The last remaining coverslip would be stained for TIA1 and DAPI, using
the far-red and blue channels respectively. Attempting to utilize more than four different
protein fluorophores in a single population of cells would likely result in signal bleed
through and was not considered a viable strategy. Alternative ideas to increase protein
visualization and obtain more data were considered, such as quantum dots. Quantum dots
are nanoscale crystals that are excitable by wavelengths in the ultraviolet spectrum and
demonstrate highly specific emission spectra, which would solve the problem of bleed
through when using traditional fluorophores (Barroso, 2011). However, this approach was
deemed prohibitively expensive and impractical, and was not pursued further. Ultimately,
this meant that alternative experiments, such as labelling additional stress markers,
neuronal markers, markers for DNA damage, or markers of cell viability were not
considered. If future flights or changes to MoSL hardware permit more flexibility in utilizing

replicate coverslips, these ideas may be revisited at that time.

Another complication was identified in detection, but not expression of the stably
expressed GFP-MTS construct in our SH-SY5Y cell line. To mimic the data collection
regimen and quality that will be provided by the MoSL, an upper limit in imaging
magnification was placed on the collection of dynamic data (neurite outgrowth, RFP and
GFP recordings). In practical terms, this meant that images were captured on our
microscope with a 40X dry air objective rather than a higher magnification oil objective.
Immersion oils have a similar refractive value to the glass slides and coverslips the SH-
SY5Y cells are grown on, thus reducing the distortion that occurs with higher levels of
magnification. Mitochondria are small organelles with complex and dynamic
morphologies. As such, detection of fine details in mitochondrial morphology and
movement is empowered by having the ability to use oil immersion techniques. In these
experiments, it was not possible to resolve the fine details of mitochondrial morphology
and transport dynamics using the air objective, and allowances had to be made in the
quantification of mitochondrial transport. Mitochondrial transport run lengths have been
reported to be as low as 0.7 ym (Narayanareddy et al., 2014). In the 40X air conditions, a
short run length, regardless of velocity, was indistinguishable from a stationary
mitochondrion. When a higher magnification 63X, 1.2NA oil objective was used, these
short run lengths were visible and quantifiable. Figure 3.18. demonstrates an example of

high-resolution visualization of mitochondria in our cell line via oil immersion microscopy.
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Additionally, a video of high-resolution mitochondrial transport has been included in
Appendix B. In conclusion, my quantification of axonal transport of mitochondria is
acknowledged to represent the movement of only long run length trafficking events and
may not necessarily represent the dynamics of the bulk of mitochondrial transport. This
conjecture limits the usefulness of these experiments in extrapolating conclusions
mitochondrial trafficking in actual neurons but are still useful in the context of observing
changes to microtubule dynamics and characterizing whether axonal transport is affected

by microgravity exposure.

BioChip #1 BioChip #2

Well number Proposed

Untreated

Untreated
Nocodazole

Taxol

Figure 4.1. Proposed post-differentiation treatment plan of BioChip wells

The 8 wells containing fully differentiated cultures of SH-SYSY cells will be divided into groups of
4 wells with no treatment, two wells treated with nocodazole, and 2 wells treated with Taxol. Post-
flight immunostaining is limited to untreated wells.
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4.5. Potential Mechanisms of Microgravity Sensing and
Other Downstream Effects

The current understanding of the effects of microgravity on the cell cytoskeleton
and its associated processes are in large part based on non-dynamic types of information.
This information is traditionally obtained by methods that are more accessible in
microgravity conditions, and include fixed-cell imaging, immunoblot analyses, and
proteomic and genomic expression experiments. While the usefulness of such
experiments is not in question, it is a fact these types of experiments by themselves are
not sufficient to fill every gap in the knowledge. Dynamic data, such as neurite outgrowth,
EB3 transport, and axonal transport of organelles that can be obtained via experimentation
on living cells as described in this thesis may be exceedingly useful to help elucidate
underlying mechanisms of physiologic responses to microgravity. For example, the
mechanisms by which cells initially sense microgravity, or how the cytoskeleton becomes
disorganized are not known. Elucidating these mechanisms, and the inner workings of
other steps within downstream pathways may help us gain a better understanding of the
overall physiological response to microgravity in neurons and elucidate potential
therapeutic targets in organisms. Here, | review previous research and proposed
mechanisms of gravity sensing (gravisensing) in neurons. | then explore how the
mechanics of gravisensing may directly affect neuronal cytoskeletal organisation, and
further, how cytoskeletal disruption can lead to other negative downstream effects
including impaired neuronal morphology, axonal degeneration, mitophagy, and cell stress.
Finally, | will propose a unified pathway of neuronal dysfunction in microgravity based on
these discussions and consider how the experiments proposed in this thesis may help

elucidate the mechanisms underlying each step in this pathway.

4.5.1. Mechanics of Gravisensing

The mechanism by which the cytoskeleton converts change in mechanical force into
electrical and chemical signals in the context of microgravity is not fully known. Normally,
both specialized and non-specialized mammalian cells have innate mechanosensing
ability due to the tensegrity architecture of the actin and microtubule cytoskeletons.
Tensegrity is an engineering design principle that is applicable when a set of compression
elements is opposed and balanced by a continuous tensile force, creating a pre-stress

that stabilizes the entire structure (Grimm et al., 2011; Gardiner, 2021). In eukaryotes, this
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pre-stress is elicited from multiple sources such as Earth’s constant gravitational field or
the pull of cell-cell and cell-extracellular matrix (ECM) adhesions. When cells experience
increased mechanical loading, one mechanism to counteract this loading is activation of
the “cytoskeletal strengthening” pathway. During this pathway integrin-mediated cell-ECM
adhesions are enhanced through increased expression of cytoskeletal proteins and other
related stabilizing complexes. (Bachir et al., 2017). Following cytoskeletal strengthening,

cells are able to withstand increased amounts of mechanical pressure.

There are two hypotheses that are thought to play primary roles in activation of the
cytoskeletal strengthening pathways. The first is through increased detection of free focal
adhesion proteins. Mechanical stress such as shear and compression can cause cell
detachment from ECM, which is mediated by various factors including integrin binding
affinity. The increase in cell detachment leaves a footprint containing free focal adhesion
proteins, and increased levels of these detached proteins can activate downstream
pathways that lead to cytoskeletal strengthening and subsequent increases in integrin
binding affinity. Integrin binding affinity can be modulated via presence of cations and
leads to increased focal adhesion strength and quantity. Cytoskeletal strengthening also
occurs due to increased translation and interaction with proteins such as vinculin (Bachir
et al., 2017; Choquet et al., 1997; Fuhrmann & Engler, 2015; Gardiner, 2021). Vinculin
stimulates actin polymerization and is a part of the focal adhesion complex, which
nucleates actin filaments and acts as a crosslinker between the actin cytoskeleton, the
plasma membrane, and the extracellular matrix (Bachir et al., 2017). Due to Vinculin’s role
as an intermediary protein between the actin cytoskelon and the focal adhesion complex,
it has emerged as an interesting target for those studying the mechanics of gravisensing

and microgravity.

A second possible mechanism for mechanical signal transduction in gravisensing
is via mechano-sensitive ion channels (MSCs). MSCs are expressed in a variety of
specialized as well as non-specialized cell types, including neurons (Cho et al., 2002;
O'Hagan et al., 2004; Gaub et al.,, 2019; Sharif-Naeini, 2020). One of the main
mechanisms proposed for MSC activation is direct linkage to the cytoskeleton (Hayakawa
et al., 2008). In this model, tension in the cytoskeleton causes a conformational change in
MSCs to an open state, followed by Ca?* influx, and activation of downstream pathways
involved in cell migration and cytoskeletal morphogenesis (Doyle and Lee, 2005; Munevar
et al., 2004; Naruse et al., 1998; Tanaka et al., 2005). Further proof for this model is that
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MSCs show a loss of mechanosensitivity when examined in a cytoskeleton free

membrane (Zhang et al., 2000).

In microgravity, it is hypothesized that these pathways work in the opposite
direction. That is to say, the unloading of mechanical pre-stress elicited by Earth’s
gravitational field is sensed, and cytoskeletal strengthening pathways are downregulated
as a result. In this context, decreased cell-cell and cell-ECM interactions mediated by
integrin and other focal adhesion proteins occurs less frequently following microgravity
exposure. Less cell detachment and presence of fewer free focal adhesion proteins may
inactivate or downregulate the homeostatic baseline of cytoskeletal strengthening
pathways, resulting in a new baseline of pre-stress that is elicited on cells based solely on
osmotic and hydrostatic pressures within tissues. Thus, cytoskeletal strength is regulated
in accordance with a lower homeostatic baseline, which may explain why cytoskeletal
disruptions are observed without complete ablation of structure and organization. In the
alternate mechanism, if MSCs are involved in gravisensing, then microgravity may result
in a net decrease in cytoskeleton-induced conformational change in MSC structure to the
open state, thus attenuating activity of pathways downstream of MSC activation, such as
cell migration and cytoskeletal reorganization. Therefore, cytoskeletal-based behaviours
and functions which rely on proper cytoskeletal organization including neurite outgrowth
and axon stability may be affected. Unfortunately, providing conclusive evidence of this
model relies on conducting electrophysiological manipulation of MSCs combined with
simultaneous manipulations of the cytoskeleton, a difficult task based on current
technological barriers which is even more difficult in space (Hayakawa et al., 2008).
Furthermore, the physiological function of many MSCs is not yet understood even on
Earth, and a “force-sensing domain” has not yet been identified in MSC molecular
structure (Arnadéttir & Chalfie, 2010; Gantenbein et al., 2018; Haswell et al., 2011;
Wouest,).

4.5.2. Downstream Effects of Neuronal Cytoskeletal Disruption

In chapter one, | explored how neurons are reliant on regulation of cytoskeletal
dynamics in the actin and microtubule networks to differentiate, maintain polarization, and
regulate intracellular trafficking. | also explored how both short and long-term microgravity
exposure is known to disrupt cytoskeletal dynamics in various cell lines including neurons.

Some of these effects include reductions in the expression of actin and microtubule
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subunits, reductions in expression of cytoskeleton-associated proteins, shortened
microtubule polymer lengths, and major disruptions of both the actin and microtubule
cytoskeletal networks. Following these disruptions, it is reasonable to expect that neuronal
functions which are reliant on proper cytoskeletal organisation may also become impaired

in microgravity.

To start off, | will consider how microgravity’s effects on the actin cytoskeletal may
sensitize neurons to axonal degeneration. It is already known that disruption to F-actin
organisation is linked to increased susceptibility to axonal degeneration in neurons in
normal cell culture conditions. These effects are likely due to the reliance of axonal
structure on the presence of the membrane-associated periodic skeleton (MPS). The MPS
is highly expressed throughout axons, where it is thought to support the extreme physical
and structural conditions that axons must resist during their lifespans (Xu et al., 2013).
The MPS is a supramolecular protein structure consisting of periodic, equidistantly spaced
transverse F-actin rings separated by all/Bll-spectrin tetramer “spacers” extended along
the length of the axon (Xu et al., 2013) (Figure 1.2.). The structure and function of the
MPS has caused many to suggest that it may be necessary for the structural stability of
the axon, but studies have shown that destruction of the MPS is not sufficient to cause
axonal destruction (Zhong et al., 2014; Valakh et al., 2015; Qu et al., 2017). Rather, it has
been shown that in situations where the axon may encounter degenerative stimuli,
pharmacological stabilization of F-actin can prevent axonal fragmentation (Unsain et al.,
2018). Thus, in a situation where F-actin polymerization or MPS structure is compromised
due to environmental effect (such as microgravity), the axon becomes susceptible to
degeneration, and neurons may exhibit physiology similar to early-stage
neurodegenerative disorders such as AD, ALS, or PD (Salvadores et al., 2017; Unsain et
al., 2018).

Similar experiments conducted on the microtubule cytoskeleton have shown that
dysfunctional microtubule organization and dynamics are causative in many neurological
diseases, and controlled disruption to microtubules or their associated proteins is sufficient
to generate cell lines with disease phenotypes that mimic neurological disease in vivo
(Franker & Hoogenraad, 2013; Matamoros & Baas, 2016; Millecamps & Julien, 2013;
Sorbara et al., 2014). The disruption of microtubule-dependent function such as axonal
transport is also implicated in several neurodegenerative disorders including ALS, AD,

and PD. Because the axon is largely devoid of biosynthetic machinery, it relies on
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anterograde axonal transport to supply axon terminals with cargos such as mitochondria,
synaptic vesicle precursors (SVP), dense core vesicles (DCV), and other Golgi-derived
proteins and lipids. Retrograde transport from distal portions of the neuron is of equal
importance to prevent accumulation of toxic aggregates by clearing recycled or misfolded
proteins (Hinckelman et al., 2013; Millecamps and Julien, 2013), as well as supporting
synapse-cell body communication by signaling endosomes ferrying trophic signals
(Olenick et al., 2019). Defects in transport can disrupt all these functions, are sufficient to
induce neurodegeneration, and in extreme cases progressive neuronal cell death is

observed (Perlson et al., 2010).

A third effect downstream of cytoskeletal disruption | will consider is disruption to
mitochondrial physiology and cell stress. Mitochondrial dynamics are dependent on
interaction with both the actin and microtubule cytoskeletal networks, and changes in
cytoskeletal dynamics can regulate the balance of mitochondrial fission and fusion (Milner
et al., 2000). Miro, the Ca?* binding GTPase, is anchored to the outer mitochondrial
membrane, where it interacts with scaffolding proteins such as Milton, thus mediating
mitochondrial association to microtubules and transport proteins and regulation of
mitochondrial motility (Moore & Holzbaur, 2018). The neuronal phenotypes observed for
Miro and Milton mutations indicate that the active translocation of mitochondria along
microtubules is critically important for neuronal health, especially during neuronal
differentiation and neurite outgrowth (Lewis et al., 2016; Misgeld & Schwarz, 2017; Moore
& Holzbaur, 2018). The actin cytoskeleton is also involved in mitochondrial motility and
anchoring at the synapse. Various myosin motors facilitate mitochondrial dynamics, and
research in drosophila motor neurons indicates that Myosin V and VI localize to axonal
mitochondria and anchor mitochondria to actin filaments (Pathak et al., 2010; Moore &
Holzbaur, 2018). Pharmacological disruption of the cytoskeleton results in disruptions to
mitochondrial physiology and morphology, likely initiated through disturbances of the
mitochondrial membrane (Michaletti et al., 2017). One factor of disrupted mitochondrial
physiology is reduced expression of antioxidant factors such as CoQ10, COX5a, COX6C
and CYB5A (Nguyen et al., 2021). The reduced expression of mitochondrial antioxidants
hinders cell’s ability to clear ROS and is directly responsible for increased mitochondrial
and cellular oxidative stress (Bhatti et al., 2017; Oyewole & Birch-Machin, 2015). As
discussed in section 1.4., increases in oxidative stress and ROS results in cellular and

molecular damage, and the upregulation of cellular stress pathways is subsequently
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observed (Kalmar & Greensmith, 2009; Oyewole & Birch-Machin, 2015). Oxidative stress
has also been observed to underlie axonal degeneration in diseases such as X-linked
adrenoleukodystrophy (X-ALD) and may also play a role in the mechanisms behind other
neurodegenerative processes such as in AD or PD (Galea et al., 2012). Because there
exists strong evidence of mitochondria playing a role in microgravity-mediated increases
in oxidative stress (discussed in section 1.4.), a connection between mitochondrial
dysfunction and neurodegenerative phenotypes may also exist or be amplified because
of microgravity conditions (Asghari Adib et al., 2018). However, such experiments have
yet to be conducted, and the results of experiments in this thesis may be informative as to

whether a potential link exists in this space.

4.5.3. Summary and Proposed Unified Pathway

Based on the discussed mechanisms underlying neuronal and cellular function in
microgravity environments, there is a great deal of observed overlap between
physiological pathways that are influenced by these mechanisms, which often result in
neuronal dysfunction. Neuronal physiology may be impaired by changes to any one of the
following: cytoskeletal systems, exposure to cellular stress, and mitochondrial dysfunction.
Furthermore, all these effects are known to be affected in some way by both simulated
and actual microgravity, as discussed throughout this thesis. In this section, | will
summarize the potential links between microgravity exposure leading to dysfunctional
neuronal physiology, and outline each potential step within this pathway, highlighting sites

of crossover and overlap (Figure 4.2.).

The experiments in this thesis target a variety of points in this proposed pathway.
For example, visualization of the cytoskeleton and neurite outgrowth analysis can be
informative of cytoskeletal dynamics and changes to neuronal morphology. Impaired
axonal transport of mitochondria can inform us of cytoskeletal dynamics, as well as the
potential for impaired synaptic and axonal energetics. In Figure 4.2., | indicate portions of
my proposed pathway where my thesis’ experiments may come into play to help elucidate

mechanisms underlying the link between microgravity and neuronal dysfunction.
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Proposed mechanism of neuronal dysfunction resulting from long-term microgravity exposure

Space microgravity causes cytoskeletal reorganization, which may affect a multitude of parallel downstream pathways, including mitochondrial and
neuronal physiology. The effects of the dysfunction in these pathways overlap at times, and similar effects can be observed resulting from events
occurring in separate pathways. Ultimately, the cell must cope with dysfunctional sub-cellular systems and may do so by upregulating proteins
involved in cellular stress response pathways. Failure to ameliorate long-term cell stress may result in apoptosis of cultured cells. Experiments
proposed in this thesis may help to elucidate mechanisms underlying the proposed pathways represented here (green arrows).
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4.6. Future Directions and Applications

Following completion of data collection onboard the ISS in the MoSL, there exist
several potential consequences for the future of MoSL and microgravity research,
depending on the results. First, the results of these experiments may validate the MoSL
as a platform for cell and tissue biology experimentation in low earth orbit, and thus it may
become a permanent fixture on the ISS for future experiments. There are several
parameters in the MoSL that will be monitored and evaluated both during and after the
spaceflight mission relating to the MoSL’s ability to keep cells alive, differentiate cells,
acquire images, and retain high quality samples of fixed cells following experiment
completion. Each parameter is graded based on either quality of data (for biological
components) or number of replicates (for hardware components) based on numerous
quantitative benchmarks (Figure 4.3.). These benchmarks are evaluated, and graded as
acceptable, marginal, or unacceptable, as per Figure 4.3. If any parameter is deemed
unacceptable following experiment completion, it may affect the final evaluation of MoSL
as a cell culture platform depending on the rationale for failure. In such an event,
adjustments to hardware or cell culture strategy may be required. In terms of biological
parameters, MoSL will be evaluated for the number of replicate BioChips (up to four
replicates with surviving cells post-launch), viability of cells (% of cells with neurites, % of
cells with unhealthy morphology/rounded cell bodies), RA differentiation (% increase in
neurite to cell body ratio) and BDNF differentiation (% increase in neurite to cell body ratio
post-RA). In terms of hardware parameters, MoSL will be evaluated for the number of
wells (up to four per BioChip) where phase contrast image acquisition was successful, the
number of wells where fluorescent video acquisition was successful (for both GFP and
RFP), and the sample fixation quality (number of replicates preserved in PFA, and number
of subcellular markers preserved for labelling). A table of specific criteria of success for
each aforementioned parameter is available in figure 4.3. Results other than those
presented in Figure 4.3. may support/not support the hypotheses presented in this thesis,
but those results will not be used to evaluate the success of the MoSL. For example,
validation of the MoSL is not dependent on whether EB3 velocity is increased or
decreased, but rather, on whether videos of EB3 transport were able to be collected, and
if these videos were of sufficient quality to analyze. This principle applies to all other

experiments presented here.
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Specific
Criterion Excellent Good Marginal Poor Failure Aims
Flight/On-Orbit

Number of 4 raplicates 3 replicates 2 replicatas 1 raplicats 0 replicates 1-3
replicates fram each fram each fram each fram each fram each

BieChip BicChip BieChip BieChip BieChip
Call wiability Post- =955 75-95% 50-74% 25-49% 0-24% 1-3
Launch elongated ce=ll elongated cell elongated cell elongated cell | elongated cell

badies [~10 badies with badias with badies with badias with

MR wiith short newrites, | short newrites, short short

short naurites 10-25% 25-50% neurites, 51- neurites, TE-

fhealthy reunded cell riounded cell 75% rounded 1003

morphologyl, hadias hadias ol bodies rounded cell

0% rounded badies

call badies

Aunhealthy

miorphology|
R differentiation =203 increase 10-20%% 5-10% increase | 0-5% <0% imcrease | 1-3

in naurite-cell increase in in neurite-cell incraase in in neurite-cell

hady ratia neuribe- cell bady ratia past- neurife-cell bady ratia

past-recavery bady ratia rECOVErY hady ratia past-recavery

past-recavery past-rECavEry

BOMF- =105 increase 1-10% Q1% increase -01-107 =103 1-3
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past-RA hady ratia ALt bady ratia bady ratia

past-Rd past-Fd past-Rd

Image Acquisition 4 wells par 3 wells par 2 wells par 1 well per 0 wells 1-3
hlicr ot ubalas RigChip, 28 % RiceChip, 25+ Rigelhip, 21 % BioChip, 14 +

20, 16-96 20, 12-72 20, 8-48 videas | 20, 4-24

wideas per wideas per per BioChip per | wideas per

RicChip per RinChip per day (1 min per Binlhip per

day [1 min per | day (1 min per | widea)] (pending | day (1 min

widea) wideal) EVT) per widea)

{pending EVT) {pending EVT) {pending EVT])
Phase Comtrast Awells par 3 wells par 2 wells par 1 well per 0 wells 1-3
Image Acquisition BioChip, 2B 2 BioChip, 25 BioChip, 21 BioChip, 14 3

20, 96-960 20, 72-7M0 20, 4B-450 20, 24-240

images per images per images per images per

Biclhip par BinChip par Riglhip per day | Biolhip par

day [pending day [pending {pending EWT) day [pending

EVT] EVT] EVT}
Mitechandria 4 wells par 3 wells par 2 wells par 1 well pier 0 wells 1-3
Trafficking Videa RioChip, 28 RioChip, 25 BioChip, 21 £ BigChip, 14 %
Acguisition 20, 16-96 20, 12-72 20, B-48 videas | 20, 4-24

wideas per wideas per pear BipChip per | wideas per

BioChip per BioChip per day [3-5 min BioChip per

day [3-5 min day [3-5 min per widea) day|3-5 min

pear wideal pear wideal {pending EVT] per wideal

{pending EVT] {pending EWT] {pending EVT]
Sample Fixatian 4 replicates 3 replicates 2 replicates 0-1 replicates fram each 3
Qiuality fram each fram each fram each BioChip
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Figure 4.3. Outline of MoSL Success Critieria
Table illustrating success criteria for biological and hardware parameters of MoSL and related
experiments in microgravity.
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If the MoSL is indeed validated as a platform for cell biology in low earth orbit, this
research will have far reaching implications towards understanding the effects of
microgravity on neuroplasticity, which may lead to future drug targets and therapeutic
interventions to attenuate the deleterious effects of long-term microgravity exposure on
human physiology. Microgravity has been proposed as an ideal environment for pre-
clinical trials in the drug development process due to the nature of cell cultures in the
absence of gravity (Johnson, 2018). In general, cell cultures have a higher propensity to
form three-dimensional (3D) matrices, rather than the standard two-dimensional (2D) cell
cultures observed on Earth. These 3D cultures are thought to better mimic complex
biological functionality of cells in vivo than 2D cultures, which are not observed in vivo
(Jensen & Teng, 2020). This principle is especially true in the case of neuronal systems,
as true neurons develop in incredibly dense environments with tremendous overlap
between neurons and their projections in a small, enclosed 3D space. With the MoSL as
a permanent fixture on the ISS, preclinical drug trials can be performed with a model
system that may better represent in vivo cell culture and help to address one of the major
problems in drug development, which is a lack of translation between successful cell

culture trials and drug efficacy in preliminary clinical trials (Mehta, 2017).

In the context of neuronal systems, enhanced drug discovery models are
imperative for development of drugs targeting neurodegenerative diseases.
Neurodegenerative diseases such as Alzheimer's Disease (AD) have historically
demonstrated poor results in clinical human trials, despite promising pre-clinical and
animal trial results (Mehta, 2017). Because abnormal aggregates of cytoskeletal proteins
and dysfunction of cytoskeleton-related processes are commonly observed in a variety of
neurodegenerative diseases, having a better understanding of these sub-cellular
mechanisms is a crucial step towards understanding the etiology of these diseases. If real-
time, dynamic changes and aberrations to microtubule cytoskeletal structure can be
observed using MoSL technology, then follow up experiments using microtubule and
microtubule associated protein targeting drug candidates may be possible using MoSL
technology. A potential outline of possible experiments is as follows: BioChips with
cultured neurons or neuron-like cells are seeded on BioChip wells and maintained as
normal in microgravity conditions until a maladaptive cytoskeletal phenotype sets in (the
time it takes for these effects to occur may be determined in experiments described in this

thesis). The microfluidic system of the MoSL can then administer the target drug at various
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concentrations directly through the cell culture media in three of the four BioChip wells,
leaving one well as a control group (this design is then replicated depending on number
of available BioChips). Fluorescent videos of some select fluorescently tagged protein (in
this example, microtubules) are obtained and analyzed on Earth. Following the
experiment, cells are fixed and returned to Earth for follow-up assays (proteomics,
transcriptomics, genomics, immunostaining, etc.). This basic experimental outline could
be applied to a variety of cellular systems and candidate pharmaceuticals, thus further
enhancing the quality and diversity of obtainable data in this field. One specific
pharmaceutical candidate is the use of low-dose microtubule stabilizers as a therapy for
the effects of space flight on microtubule organization. Recently, microtubule stabilizers
such as paclitaxel and dictyostatin have been investigated as potentially beneficial in
combating microtubule effects of neurodegenerative diseases such as AD and PD. These
drugs are purported to cross the blood brain barrier and directly stabilize microtubules
within the brain, helping to prevent spontaneous microtubule collapse and reduce the
neurodegenerative phenotype (Brunden et al., 2017; Cross et al., 2021). If the
experiments proposed in this thesis do indeed disrupt the stability of microtubules in SH-
SY5Y cells, then follow-up experiments in space could investigate whether these
microtubule stabilizing drugs exhibit similar therapeutic effects in vitro in a microgravity
environment. Additionally, using the MoSL for drug discovery programs answers one of
the most common criticisms of spaceflight and microgravity research; how does spending
all this effort and money help the general population on Earth? By developing better
methods to test candidate pharmaceuticals on systems that are difficult to replicate and
study on Earth’s conditions, we are directly answering that criticism — with better models
to study human disease and treatment of those diseases comes a better understanding
of disease and treatments with higher efficacy for those on Earth who may suffer from

these diseases.

Lastly, | will end this section with a few thoughts about human society in the distant
future. In the introduction, | discussed how life on Earth evolved under the context of a
constant, unchanging gravitational force. As a thought experiment, suppose humans lived
and evolved over thousands of years in a low-gravity environment. What kind of traits

might be selected for with respect to cytoskeletal systems and their related processes?

One possible adaptation could be alterations to the expression levels of genes

associated with microtubule stabilization. The first view | will take is that of decreased
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expression of microtubule destabilizing proteins. This could potentially occur via genetic
mutations affecting protein structure in the transcription factors and activating proteins that
interact with enhancers and promoters for microtubule associated proteins. For example,
consider microtubule-severing enzymes, which are ATPases that use the energy of ATP
hydrolysis to extract tubulin subunits from the microtubule lattice, causing microtubule
fragmentation. Spastin is an example of one such enzyme, whose expression is mediated
by the transcription factor ‘Knot’ (Errico, 2002; Hersh & Carroll, 2005). If the knot gene
were to undergo mutation leading to a reduced binding affinity of Knot to promoter regions
of the spastin gene, then Spastin protein might be under expressed and thus a net
decrease in microtubule-severing activity may occur. Interestingly, overexpression of
Spastin is one of the major factors in Hereditary Spastic Paraplegia (HSP), a
neurodegenerative disorder (Errico, 2002). Thus, it may be plausible that in a population
evolving in a scenario where cytoskeletal stability is selected for, microtubule-severing

enzymes are under expressed compared to modern humans.

Another perspective can be taken at the opposite spectrum, where we may see an
increased expression of molecules involved in the stabilization of cytoskeletal structures.
For example, end-stabilizing proteins such as EB1, XMAP215, CLASP, and CLIP170 are
known to increase stabilization of growing microtubules (Goodson & Jonasson, 2018).
Similarly to the previous scenario, a situation where transcription factors of these proteins
more strongly activate transcriptional machinery leading to increased transcription and
translation of end-stabilizing proteins might result in an increase in microtubule stability.
Interestingly, microtubule stabilizing agents are considered useful in modern medicine to
counteract microtubule defects often observed in neurological disorders such as AD, PD,
and ALS (Varidaki et al., 2018). Therefore, in a population evolving under the pressure of
reduced cytoskeletal stability, mutations leading to increases in cytoskeletal stability might

be positively selected for.

Despite it being plausible that these genetic mutations could be advantageous for
an individual living in a microgravity environment, it should also be noted that simply
stabilizing the cytoskeleton is not without consequence. The cytoskeleton exists in a state
of dynamic instability, and cytoskeletal remodeling is extremely important in many cellular
processes. If the cytoskeleton were overly stabilized, adverse side effects might be
expected, which could cause any of the proposed mutations to be harmful rather than

adaptive, depending on severity. For example, microtubule stabilizing drugs are commonly
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used as cancer treatments due to their anti-mitotic properties (Bates & Eastman, 2016;
Risinger et al., 2009). An individual with a mutation causing increased microtubule stability
may also experience reduced mitotic rates, which could potentially impact development
during embryotic development and early life. It is unknown what an individual with such a
mutation might look like, but if such an individual in a population from the distant future did
exist, one characteristic we might see is reduced overall mass due to lower mitotic rates
during development. Ultimately, these ideas are simply a narrow-viewed molecular
perspective of what a future population evolving under low gravity conditions may look
like. Guided by novel scientific developments such as the MoSL, the true future of the

human race contains limitless potential.

4.7. Conclusions and Future Directions

Although the work presented in this thesis remains incomplete for the time being,
| was successful in generating a series of experiments which have been validated for use
in our transfected SH-SY5Y cell line that will eventually be sent to outer space cultured in
MoSL hardware. My results indicate that our transformed cell line expresses properly
localizing RFP-EB3 and GFP-MTS. These markers do not experience significant changes
in expression throughout the proposed 21-day experiment duration, and fluorophore
bleaching has not been observed when cells are recorded in periodic intervals. These
cells differentiated and express neuron-like morphology and neuron-specific protein
markers. Cells exhibit cytoskeletal and trafficking dynamics that are quantifiable under the
specific parameters of MoSL hardware, and results of such quantifications indicate that
these dynamics are comparable to actual neuronal systems. Post-flight analysis,
consisting of actin and microtubule cytoskeletal immunostaining, mitochondrial network
analysis, and TIA1 stress granule analysis was successfully conducted in fixed, fully
differentiated SH-SY5Y cells, resulting in generation of a framework for semi-quantitative
analysis that was validated for use in these cells. This framework will allow for the
quantification and integration of data collected from microgravity-exposed cells at a future
date, and subsequent comparison to control data presented in this thesis. Using the
expected results from these experiments, | hypothesized what a potential unified model
for neuronal dysfunction resulting from microgravity exposure could look like and

presented possible pathways linking the various sub-cellular neuronal systems that have
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previously demonstrated changes resultant of microgravity exposure. The results of these
experiments may validate portions of my conjectures and identify avenues in follow up
experiments that may or may not be worthwhile. Furthermore, identifying and validating
the potential mechanisms underlying neuronal dysfunction in microgravity may help
develop therapeutic strategies which alleviate the long-term effects of microgravity on

neuronal cells, and other associated cellular systems.

The capture and analysis of cytoskeletal dynamics and axonal transport have
never been performed in a microgravity environment, and through collaboration with HNu
Photonics and the use of their MoSL hardware, the first analysis of such data will be
performed and published based on the framework generated in this thesis. On the basis
of these analyses, the MoSL can be assessed for its validity in use as a low orbit cell
culture platform. success in this mission may open the hatch for follow-up experiments

using this framework and MoSL across cell biology.

In conclusion, it is not yet known if my hypotheses concerning the effects of
microgravity on cytoskeletal disruption, axonal transport, neurite outgrowth, and cell stress
will be supported. However, | have successfully determined that these hypotheses are
answerable based on results from ground control experiments, and data obtained in the
near future from microgravity-based experiments may give conclusive answers as to

whether my hypotheses will be or will not be supported.
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Appendix A.
Supplementary Materials

Differentiated SH-SY5Y Cells

Rat Hippocampal Neurons

MAP2

Synapsin

Figure A.1. Differentiated SH-SY5Y cells are not positive for mature synaptic
markers

MAP2 and synapsin are not expressed in neuron-specific expression patterns when stained for in

SH-SY5Y cells. MAP2 is highly expressed in dendrites and not axons when stained in mature

neurons, but staining is not segregated in differentiated SH-SY5Y cells. Synapsin is highly

expressed at synapses, where its function is fundamental to neurotransmitter release.

Differentiated SH-SY5Y cells do not express synapsin in the distinct punctate patterns observable
when stained for in neuronal cell lines.
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Figure A.2. SH-SY5Y cells differentiated with BDNF are positive for neuron-
specific BllII-Tubulin

Differentiated SH-SYS5Y cells positively stain for the neuron specific BllI-Tubulin variant. This

result supports the conclusion that SH-SY5Y cells undergo biochemical differentiation following

treatment with BDNF, expressing a distinct biochemical phenotype versus undifferentiated cells.

Differentiated Aged 25-Days

12,

[

Figure A.3. SH-SY5Y long-term survivability and death in normal cell culture
conditions

A) Representative phase-contrast image of fully differentiated SH-SYSY cells. Cells aged 15-days

total since induction (20-days total). Phase-bright cell bodies and long neurites are observable. B)

Representative phase-contrast image of degenerated SH-SY5Y cells. Cells aged 20-days total

since induction (25-days total). Majority of neurites have retracted, and no long neurites remain.

Cellular debris abundant in field of view and few living cells remain. Scale bars: 50uM
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Minutes after application of nococdazole

Figure A.4. Example of microtubule ultrastructure quantification via fiberscore
algorithm in nocodazole-treated cells

The MatLab-based FiberScore algorithm reliably quantifies microtubule linearity following

pharmaceutical treatment such as nocodazole. This protocol is an example of a potential

quantitative approach for assessing disruption to microtubule structure following microgravity

exposure.

Figure reproduced from Lichtenstein, N., Geiger, B., & Kam, Z. (2003). Quantitative analysis of
cytoskeletal organization by digital fluorescent microscopy. Cytometry, 54A(1), 8-18. doi:
10.1002/cyto.a.10053. Reproduced under the terms of the Creative Commons Attribution 4.0

International License
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Appendix B.

Supplementary Videos

Creator:

Matthew Danesh

Description:

This short video demonstrates a high-resolution recording of the trafficking of GFP-MTS
in our transfected SH-SY5Y cell line. Visualization of short run length trafficking events is

possible when GFP-MTS is observed at high magnification and resolution levels.

Filename:

GFP_63X_Video_Example.mov
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