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ABSTRACT OF THE THESIS

Somatic Ultrastructure May Affect Calcium Signaling Dynamics in Purkinje Neurons

by

Lukas Paul Makrakis

Master of Science in Biology

University of California San Diego, 2021

Professor Brenda L. Bloodgood, Chair

The organization of intracellular organelles is crucial to understanding how intracellular
communication, which is shaped by signaling messengers, occurs within neurons in the brain.
Neuronal communication through electrical and chemical signals causes dramatic fluctuations in
calcium concentration, which regulates many neuronal processes such as synaptic plasticity,
memory formation, and learning. Due to calcium’s high-stakes involvement, much work has

been done to understand its role, function, and regulatory mechanisms. However, it is still
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unclear how the spatiotemporal dynamics of calcium are influenced by the precise orientation
and positioning of the intracellular ultrastructure. While previous research has focused on the
ultrastructure’s influence in small spatial compartments, such as dendritic spines, its role in
regulating calcium dynamics within large spatial compartments, such as the somatic space,
remains unclear. In this study, we used a combination of high-resolution electron tomography
(ET) and serial block-face scanning electron microscopy (SBEM) to create a precise three-
dimensional (3D) reconstruction of the intracellular space of the cerebellar Purkinje soma. From
these 3D reconstructions, we were able to quantify and characterize the heterogeneous nature of
the endoplasmic reticulum (ER). Furthermore, we were able to quantify the cell-wide distribution
patterns of integral calcium-signaling proteins using fluorescent immunohistochemistry to
determine if protein populations were also heterogeneously distributed across the soma. Overall,
we found that ER acts as a diffusion barrier and signal amplifier in regards to calcium/IP3
signaling. These findings demonstrate how the precise localization of membrane structures and

calcium-signaling proteins influence neuronal signaling within the soma.
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INTRODUCTION

The precise regulation of calcium (Ca?") signaling dynamics is required for many
neuronal processes, and calcium itself is understood to be a central component of maintaining
healthy neuronal function (Berridge et al., 2000; Ghosh & Greenburg, 1995). Modulated by a
number of electrical and chemical signals, the spatiotemporal dynamics of intracellular calcium
signaling is highly sensitive and heavily regulated (West et al., 2001; Gruol et al., 2010). If not
properly regulated, this can lead to calcium overload, which may result in excitotoxicity and
apoptosis (Orrenius et al., 2003). For this reason, it is not surprising that neurons have developed
incredibly complex and extensive calcium signaling pathways which are made possible by a vast
network of signaling proteins, calcium buffers, channels, and receptors that together regulate the

spatiotemporal behavior of calcium movement within the cell (Brini et al., 2014).

Calcium regulation also shapes and modifies the morphological structure of our neurons.
This has been indicated by research investigating the physiological ramifications of poor calcium
handling, which resulted in abnormal cellular morphology and severely impaired motor learning
ability when significantly disrupted (Sherkhane & Kapfhammer, 2013; Sugawara et al., 2013).
Inositol 1,4,5-trisphosphate receptors (IP3Rs) are calcium release channels located on the
membrane of the endoplasmic reticulum (ER) and are responsible for releasing the intracellular
calcium stores within the ER lumen into the cytosolic space of the cell and considered to be a
major regulator of intracellular calcium signaling (Berridge et al., 2000). Studies have revealed
that adult mice lacking IP3R1 in Purkinje cells suffered from severe ataxia, and displayed
abnormal dendritic and spine morphology, both of which continued to worsen as the mice aged

(Sugawara et al., 2013). However, this is not specific to just the loss of IP3Rs, as other studies



have similarly disrupted the plasma membrane Ca?*-ATPases (PMCAs), a key calcium regulator
that is responsible for extruding cytosolic calcium out of the cell, which also resulted in
cerebellar ataxia, and abnormal dendritic morphology (Empson et al., 2007; Kurnellas et al.,
2007; Sherkhane & Kapfhammer, 2013). This exemplifies how singular points of disruption
within the regulatory mechanisms of calcium handling can have profound effects on the entire
cell and directly affect its structural morphology, resulting in severe physiological consequences
for the organism. This is one reason why it is so crucial to understand how these regulatory
molecules are localized and organized across the intracellular space, as it has serious
ramifications in the cell’s ability to effectively regulate calcium and thereby regulate cellular

homeostasis.

Due to calcium’s high-stake involvement in maintaining and regulating a number of
cellular functions, such as, gene expression, secretion, and neuronal plasticity, much work has
been done to understand its involved mechanisms and regulators (Berridge et al., 2000; Brini et
al., 2014). Calcium is a universal second messenger and is maintained at very low concentrations
during the cell’s resting state (~100 nM) when compared to the extracellular environment (~2
mM) (Berridge et al., 2000; Goto & Mikoshiba, 2011). Previous research has found the plasma
membrane (PM) and endoplasmic reticulum (ER) are responsible for directly modulating the
concentration of cytosolic calcium by acting as a calcium source or sink (Berridge 1998).
Calcium can be recruited from the extracellular space utilizing calcium channels located on the
plasma membrane, or by accessing the intracellular calcium stores sequestered in the ER lumen
through calcium release channels, which can be activated by a number of stimulatory agonists,
such as neurotransmitters (Grienberger & Konnerth, 2012). G protein-coupled receptors

(GPCRs) located on the cell surface, once activated by presynaptic neurotransmitters, cause an



internal signal transduction cascade that results in the release of other secondary messengers
responsible for releasing the intracellular calcium stores of the ER (Hartmann et al., 2008;
Niswender & Conn, 2010). The calcium released by the ER is capable of generating localized
regions of calcium signaling, which is mediated by IP3Rs and ryanodine receptors (RyRS)
located on the ER surface (Berridge 1993; Ellisman et al., 1990; Kano et al., 1995). However, the
influence that the somatic ultrastructure’s morphology and localization of calcium signaling

molecules have on the spatiotemporal dynamics of calcium signaling remains unclear.

Much work has been done to extrapolate how neuronal morphology influences the spatial
temporal dynamics of calcium in small spatial compartments, ie. dendrites and dendritic spines
(Bloodgood & Sabatini, 2007; Doi et al., 2005;; Higley & Sabatini, 2008; Nimchinsky et al.,
2002). Although, much is still unknown regarding how effective calcium handling is
accomplished across large spatial compartments such as neuronal somas. The field has greatly
benefited from previous research that developed and utilized image-based models created to
quantify the spatiotemporal interplay of calcium signaling’s many biological components but,
these models, due to technological limitations, were unable to consider the precise intracellular
morphology of the intracellular ultrastructure (Eilers et al., 1995; Fink et al., 2000). Additionally,
other calcium models, with some accounting for cellular anatomical structure, still assume the
calcium flux emanating from the ER to be uniformly distributed across the cytoplasmic space
(Brown et al., 2008; Brown & Loew, 2012; Hernjak et al., 2005). Specifically, the two-
dimensional neuroblastoma calcium wave model developed by Fink et al., 2000 varies the ER’s
density along the neurite to more accurately represent the results they observed using electron
microscopy, in which a greater density of ER was observed in the soma when compared to the

neurite. However, the model assumes that the ER is homogeneously distributed across the soma,



when in reality the ER is structurally dynamic, as it is both highly mobile and constructed of a
diverse interconnected network of sheets and tubules featuring varying structural motifs (Banno
& Kohno, 1998; Fink et al., 2000; Goyal & Blackstone, 2013; Nixon-Abell et al., 2016;
Renvoise & Blackstone, 2010; Schroeder et al., 2019). Overall, these assumptions simplify the
computational and modelling process but overlook the potential impact that the organization of
intracellular features and calcium signaling proteins may have on calcium signaling dynamics.
Today, it is still poorly understood how the ER’s three-dimensional (3D) fine structure and
positioning across the intracellular space may alter calcium signaling. Therefore, it is our
intention to develop a model which incorporates realistic 3D membrane ultrastructure, along
with accurate distribution patterns of calcium-signaling proteins within the somatic space, in
order to investigate the influence these intracellular factors may have on calcium signaling

dynamics.

In order to accomplish this, we believed testing a well-known and essential neuron was
ideal for our purpose, leading us to the Purkinje neuron in the cerebellum. Purkinje cells (PCs)
play an essential role within the central nervous system (CNS), being solely responsible for the
synaptic output of the cerebellum, as well as facilitating long-term depression, an essential
mechanism required for motor learning, which relies on a combination of sodium and calcium
dynamics (Hartmann et al., 2014; Hirano, 2018). The Purkinje neuron is one of the largest
singular neurons in the CNS, and because of its large soma, its detailed ultrastructure can be
studied at the single cell level when utilizing high-resolution confocal and electron microscopy
imaging techniques (Ellisman et al., 1990; Grienberger & Konnerth, 2012; Gruol et al., 2010;
Walton et al., 1991). Using a combination of electron tomography (ET) and serial block-face

scanning electron microscopy (SBEM), it is possible to more accurately and precisely define the



intracellular membrane ultrastructure, which can then be reconstructed using a neural networking
deep-learning program, such as CDEEP3M, to aid in the production of these extremely intricate
and expansive structures (Haberl et al., 2018). Previous research of the Purkinje cell's extensive
dendritic arbor stipulates that while IP3Rs and RyRs coexist in the Purkinje cell, it is possible
they may be physically separated or associated with different regions across the somatic space.
(Ellisman et al., 1990; Martone et al., 1993; Sharp et al., 1999; Walton et al., 1991). Due to the
soma’s large intracellular space, which harbors many calcium-signaling proteins within a
complex intracellular ultrastructure, it is possible we may find other heterogeneous distribution
patterns or distinct spatial relationships between the somatic ultrastructure and its proteins.
Overall, our present imaging and computational capabilities makes the Purkinje neuron an ideal
model for studying the intracellular mechanisms that modulate calcium signaling dynamics

within the cell soma.

The Purkinje soma boasts a large cytosolic volume that encompasses a highly organized
intracellular space filled with organelles and populations of various proteins that regulate
calcium dynamics (Fierro et al., 1998; Fierro & Llano, 1996; Gruol et al., 2010; Gruol et al.,
2012). Intracellular calcium propagation is regulated by many molecules within the Purkinje cell.
In particular, free-floating calcium in the soma of the Purkinje cell is heavily buffered by a
number of highly expressed calcium binding proteins, called calcium buffers (Allbritton et al.,
1992; Neher & Augustine, 1992). These buffers, such as calbindin, and parvalbumin, effectively
dampen the flash flood of calcium in the soma, causing the free-floating calcium to act as a local
rather than global messenger (Cooling et al., 2007; Allbritton et al., 1992). However, these
calcium buffers do not represent the total buffering capacity within the Purkinje soma. They are

assisted by other calcium pumps located on the membranes of various organelles that can also



sequester or remove calcium from the cytoplasm (Berridge et al., 2003). Located on the ER
membrane, the Sarco/endoplasmic reticulum Ca?>"-ATPase’s (SERCA’s) primary function is to
regulate the ER’s intracellular calcium stores by reuptaking cytosolic calcium and sequestering
that calcium within the ER lumen (Baba-Aissa et al., 1996; Britzolaki et al., 2018). Another
calcium pump that assists in regulating intracellular calcium levels is PMCA. PMCA is highly
expressed and located on the surface of the Purkinje cell’s PM and extrudes excess intracellular
calcium into the extracellular space in order to help maintain proper calcium homeostasis
(Empson et al., 2007). Due to the great buffering capacity observed in the Purkinje cell, this
suggests the soma must rely on other modes of intracellular calcium release to propagate the
further depolarization of the cell. This signifies the importance of intracellular calcium stores and
its modulators, most notably the endoplasmic reticulum (ER), which is regulated by a number of
receptors and channels located on its surface: IP3R, RyR, and SERCA2B (Goto & Mikoshiba,

2011; Gruol et al., 2012).

The endoplasmic reticulum (ER) is a crucial intracellular organelle that plays a major role
in regulating the intracellular calcium levels within all neurons (Renvoise & Blackstone, 2010).
Structurally diverse, the ER is classically divided into two main subtypes of ER, ribosome-
studded rough ER sheets (aka “rough” ER) and peripheral smooth ER tubules (aka “smooth”
ER). It is generally understood that the two distinct morphologies are correlated with differing
functional specializations and are associated with distinct ER-shaping proteins (Goyal &
Blackstone, 2013). ER sheets are primarily associated with mediating biosynthesis, and
modification of membrane proteins (Goyal & Blackstone, 2013). Cytoskeleton-linking
membrane protein 63 (Climp63) is predominantly known for its role in generating ER sheets and

has been proposed to function as a spacer that maintains ER sheet architecture (Shibata et al.,



2010). ER tubules, on the other hand, are primarily associated with lipid synthesis and delivery,
as well as establishing contact sites with other organelles (Park & Blackstone, 2010; Wu et al.,
2017). One of the reticulon proteins, reticulonda (Rtn4) causes local ER curvature and is thought
to induce the expansion of peripheral ER tubules (Yang & Strittmatter, 2007; Zhang & Hu,
2016). Together, the relative expression levels of Climp63 and Rtn4 are thought to determine the
abundance of the two distinct ER morphologies within the cell (Shibata et al., 2010). It is
understood that throughout both the soma and dendritic arbor of the Purkinje cell, a complex and
continuous network of ER is present, and is essential for facilitating depolarization of the
Purkinje neuron by way of receptor-specific release of the ER’s internal calcium stores
(Renvoise & Blackstone, 2010; Terasaki et al., 1994). One canonical calcium signaling pathway
which is responsible for the signal transduction cascade that regulates the release of the ER’s
internal calcium stores is the GPCR-IP3-calcium (IP3-Ca?*) pathway. Due to IP3-Ca?* pathway’s
relevance regarding calcium regulation within PCs, it should provide a suitable narrative
regarding our central question: How does membrane ultrastructure and protein distribution
patterns influence calcium signaling dynamics in the large somatic space of the Purkinje soma?
The IP3-Ca?" pathway is first initiated by receptor stimulation, such as muscarinic glutamatergic
receptor (MGIuR) activation, which in turn causes a G-protein coupled receptor cascade to
produce the second messenger, inositol 1,4,5-trisphosphate (IP3) (Goto & Mikoshiba, 2011;
Berridge, 2016). Unlike free-floating calcium, which is neutralized fairly quickly by calcium
buffers, IP3 has an astonishingly low degradation rate, therefore allowing it to travel across the
cell, making it a ‘global’ agonist (Cooling et al., 2007; Allbritton et al., 1992). Once IP3 is
produced, in combination with available cytosolic calcium, 1P3 seeks out IP3Rs embedded into

the ER and binds to it, causing a conformational change of the IP3R (Empson et al., 2012; Goto



& Mikoshiba, 2011). This results in the emptying of the ER’s calcium stores into the intracellular
space, further propagating the calcium wave and increasing local calcium concentration near
these ER-IP3R release sites (Goto & Mikoshiba, 2011; Ross et al., 2012). This local
concentration increase, surrounding the ER, triggers a third method of calcium release, known as
calcium induced calcium release (CICR) (Chen-Engerer et al., 2019; Goto & Mikoshiba, 2011;
Llano et al., 1994; Gruol et al., 2010). CICR is mediated by RyRs located on the ER membrane,
and propagates the calcium wave further, triggering other neighboring IP3Rs and RyRs
(Berridge, 2016; Goto & Mikoshiba, 2011; Chen-Engerer et al., 2019). Calcium fluxed from the
intracellular stores of the ER in this manner can build upon itself, creating a regenerative calcium
propagation wave as calcium is released into the cytoplasmic space (Berridge, 2016). Therefore,
because calcium is subject to a specific diffusion rate, calcium signaling may be reliant on the
orientation and positioning of the membrane ultrastructure within the Purkinje soma. This may
also mean that the specific localization of calcium-related protein receptors located on the
membrane ultrastructure could also play a substantial role in shaping calcium dynamics in large
spatial compartments (Thillaiappan et al., 2017). Therefore, it is critical to investigate the
interplay between the membrane ultrastructure and its calcium-signaling molecules in order to

better understand how calcium regulation is mediated across the soma.

Even though much work has been done to further elucidate the mechanisms and
functional consequences underlying calcium signaling dynamics, the somatic ultrastructure’s role
in influencing calcium regulation remains largely unknown. To further understand the role of the
intracellular morphology of the soma, along with its relevant localization patterns of calcium-
signaling proteins, we have developed a cell simulation model to more accurately represent

calcium signaling across the somatic space. Utilizing a combination of high resolution and large-



scale volumetric electron microscopy, we were able to reconstruct a precise, 3D reconstruction
of the intracellular membrane ultrastructure of the Purkinje soma. From this 3D reconstruction,
we were able to characterize and quantify the spatial, radial, and structural characteristics of the
ER’s morphology inhabiting the somatic space. The 3D reconstruction also allowed us to analyze
the orientation of the ER relative to the PM, where a large volume occupancy of ER was
observed and quantified. To investigate the relative affects this close ER-PM appositioning poses
on calcium signaling, a 3D partial differentiation equation (PDE) model was created to simulate
calcium signaling. In order to accurately simulate the spatiotemporal dynamics of calcium
signaling, the model utilizes both realistic subcellular ultrastructure and relevant calcium-
signaling protein distributions. Protein distributions were obtained using fluorescence
immunohistochemistry (IHC), which provided insight into the cell-wide distribution patterns of
important calcium-signaling proteins across many PCs. ER-shaping proteins were also imaged
and analyzed to begin to bridge the gap between our ultrastructure reconstructions and protein
distribution analysis. This thesis is representative of my contributions and collaboratory work
which altogether, unveils new insights into the role membrane ultrastructure plays in shaping

neuronal signaling and illustrates its needed inclusion to improve calcium signaling modelling.



RESULTS

1. Somatic ultrastructure reveals non-uniform placement and orientation of major
organelles in Purkinje cells

Reconstructing the intracellular space of the cerebellar Purkinje soma is complex, as multiple
imaging techniques must be applied to gain relevant information on both the expansive
intracellular distributions, which spans many microns, and the fine-scale structural detail of
organelle features, which is found on a nm-scale. To capture the large-scale measurements across
the soma, we used serial block-face scanning electron microscopy (SBEM) and reconstructed the
ER and mitochondria within the somatic space of the Purkinje cell (Fig. 1.1a-c). Reconstruction
of the intracellular space was accomplished by using CDEEP3M, a machine learning image
segmentation program, to generate the initial segmentations of ER and mitochondria (Haberl et
al., 2018). Through subsequent training of CDEEP3M and manual annotation, 3D geometric
models of the intracellular organelles were reconstructed allowing us to compare their
distributions within the somatic space. Precise regulation of the ER’s internal calcium stores are
essential for propagating intracellular calcium signaling across the soma, and for this reason we
believed it appropriate to see if particular areas were void of ER. We found that ER is present in
virtually every region of the soma, with a majority (93.44%) of the soma encompassing ER
within a distance of 250 nm (Fig. 1.1d). However, it was found only roughly a quarter (28.03%)
of the soma encompasses mitochondria within a distance of 250 nm (Fig. 1.1e). Further analysis
shows that ER void areas are exclusively occupied by golgi apparatus, while mitochondria void

areas are generally occupied by layered ER sheets (Haberl et al., in preparation).
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Figure 1.1 Purkinje soma ultrastructure organization analyzed by volumetric Electron
Microscopy (a) A section of en-bloc stained cerebellar mouse cortex was imaged using SBEM (Serial
block-face scanning electron microscopy). The ER (b) and Mitochondria (c) were computationally
segmented, reconstructed, and manually corrected for final 3D model acquisition. ER (d) and
Mitochondria (e) void areas are revealed with distance transformation maps, scale bar = 5um. Color
coded gradient representative of the (f) ER’s and (g) Mitochondria’s intracellular radial distribution
based on their relative volume occupancy in relation with their distance from the PM, shown across an
individual imaging plane (scale bar = 1 um). (h) Quantification of average radial distribution of both
the ER and mitochondria volume occupancy across the soma volume. (i) Parallel and perpendicular
orientation of ER strands relative to the PM were defined and measured. (j-k) Orientation analysis
found the ER closely apposed to the PM, within a 100 nm distance, to be preferentially oriented
parallel.

Next we analyzed the intracellular radial distribution patterns of the ER and mitochondria
to gain a more contextualized understanding of these major intracellular organelle’s spatial

distribution patterns. Radial distribution analysis was performed by collaborators by quantifying
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the relative volume occupancy of the ER and mitochondria and comparing their distance from
the PM (Fig. 1.1h, Haberl et al., in preparation). This informed us that a notable amount of
subsurface ER resides within a 0-100nm distance from the PM (Fig. 1.1f). Conversely, a
majority of mitochondria were found at a distance of 200 nm or greater away from the PM (Fig.
1.1g). This quantified analysis of organelle (ER and mitochondria) organization within the soma
provides evidence that heterogeneous spatial distributions of intracellular organelles exist, which

in turn may affect calcium signaling dynamics in the soma.

In order to further visualize the ultrastructure of the cerebellar Purkinje cell soma we took
high-resolution electron tomography (ET) images which enabled us to capture the fine-scale
detail needed to reconstruct a physiologically relevant 3D reconstruction of the somatic
intracellular space (Fig. 1.2a). Using a combination of CDEEP3M and manual annotation, we
were able to segment these image datasets into 5 major cellular components: ER, mitochondria,
golgi apparatus, plasma membrane, and nucleus (Fig. 1.2b). Across each dataset we outlined
two-dimensional reconstructions of the cellular components and then compressed multiple z-
planes together to create a 3D mesh geometry that informed us of the organelle organization
within the intracellular space of the Purkinje cell soma (Fig. 1.2c). Five image datasets were
reconstructed in total to more accurately account for the natural spatial variance within Purkinje
cells, two of which imaged the dendritic pole, and three of which imaged the axonal pole.
Quantitative analysis across these 5 high-resolution ET datasets informed us of the ER’s
structural trends revealing it’s range of diameter and length. The ER’s diameter was found to
have a wide range, between 10 nm and 90 nm, with an average of 39 nm (Haberl et al., in
preparation). The ER’s length was found to be highly variable ranging from less than 1 nm to as

long as 3000 nm (Haberl et al., in preparation). Across these ET datasets, 3 structural motifs of

12



ER were identified using ER density maps: Layered ER sheets, ER stacks, and subsurface ER
(Fig. 1.2e-f; Haberl et al., in preparation). The structural motifs identified vary in length and
diameter, but more importantly seem to appear within distinct regions of the cell, supporting our
hypothesis that heterogeneous spatial distribution patterns of intracellular organelles are present
in the soma. Layered ER sheets preferentially orient themselves parallel and appear closely
apposed to the nucleus forming large densely compact structures that surround the nucleus (Fig.
1.2e-f). ER stacks and subsurface ER represent smaller ER structural motifs that are
preferentially dispersed farther from the nucleus, residing closer to the plasma membrane and
form connective structures across the cytosol (Fig. 1.2e-f). Density analysis of the ER was
performed across the soma and the density peaks correlated with their corresponding ER
structural motifs (Haberl et al., in preparation). Across the ET reconstruction datasets, a high
concentration of subsurface ER with varying orientations were recorded and quantified near the
PM (Fig. 1.2d, Haberl et al., in preparation). Because the ER-PM junction represents a
microdomain understood to play a fundamental role in regulating calcium signaling, we thought
it important to further explore the potential role the ER’s orientation, relative to the PM, may
have on calcium signaling dynamics (Fig. 1.2d). Overall, across our ET volumetric
reconstructions the somatic ultrastructure boasts an incredibly complex structure in which the ER
is widespread, but importantly differentiated spatially by different structural motifs. Furthermore,
the ER has been shown to vary greatly in size and length across the soma, and the heterogeneous

distribution patterns of other organelles (mitochondria and golgi apparatus) across our 3D
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reconstructions provide further evidence suggesting that the somatic space is heterogeneously

distributed.

ER stacks
Subsurface ER

Figure 1.2 Purkinje somatic ER organization reconstructed and characterized by Electron
Tomography (a) High resolution volumetric electron tomographic image datasets of the dendritic pole of
the Purkinje soma were acquired. (b) Across the volumetric dataset the subcellular organelle organization
was initially segmented into two-dimensional tracings, reconstructing 5 subcellular structures: nucleus
(yellow), Plasma membrane (purple), ER (green), mitochondria (blue), and golgi apparatus (red). (c) 3D
model view of the Purkinje soma ultrastructure reconstruction of finalized subcellular structure tracings,
white box represents zoomed in portion, shown in (d); scale bar = 200 pixels. (d) Areas exemplify varying
orientation of ER strands closely apposed to the PM, marked by white asterisks, and is representative of
areas seen across ET datasets; scale bar = 200 pixels. (e) shows 3D model of the ER and PM
reconstructions only, with colored boxes displaying ER structural subdomains seen across ET datasets. (f)
Characterized ER structural subdomains: Layered ER sheets, ER stacks, and subsurface ER.

Once characterized spatially, radially, and structurally, we further characterized the ER
by analyzing its orientation relative to the PM. We wished to explore the impact of the varying
orientation angles these ER strands, close to the PM, may have on calcium signaling, as these ER
strands are the first structures cytosolic calcium and IP3 come into contact with (Fig. 1.2d). To

quantify this, parallel orientation was defined to be within 30 degrees of the horizontal (0° and
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180°) relative to the PM, while perpendicular orientation was defined to be within 30 degrees of
90° (ranging from 60° to 120°) relative to the PM (Fig. 1.1i). Orientation angles outside of these
ranges were not included. Across this range we found a majority of ER strands are preferentially
oriented parallel near the PM (Fig. 1.1j). However, outside of parallel orientation, a great amount
of variation in relative frequency data regarding orientation angles spanning from 30° to 150°
suggests that the ER has no distinct orientation preference (Fig. 1.1j). Although, within a 100 nm
distance of the PM it was found the ER is predominantly oriented parallel to the PM (93%), with
perpendicular strands making up only a small percentage (7%) (Fig. 1.1k). This shows the
preferred parallel orientation relationship is dependent on the ER’s relative distance from the PM
(Fig. 1.1i-k). This suggests, the orientation and spatial distribution of organelle structures have
distinct distributions dependent on their localization within the soma, providing further evidence

the somatic space is heterogeneously distributed.

This preferentially parallel oriented ER near the PM has the potential to impact calcium
signaling. We investigated whether or not the ER acted as a diffusion barrier for either Ca?" or
IP3, as well as whether the close ER-PM positioning could create local concentrated
microdomains of IP3 or Ca?* that enhanced Ca?*/IP3 signaling. A model depicting the canonical
GPCR-Linked IP3R dependent calcium signaling pathway was created using idealized
geometries (Haberl et al., in preparation). This model allowed us to alter the relative distance
between pieces of ER, the distance between the ER and the PM, and the orientation of the ER
with respect to the PM (Haberl et al., in preparation). We found, even with idealized geometries,
that local concentrations of calcium released are sensitive to the ER’s orientation and distance
relative to the PM (Haberl et al., in preparation). Through our model, it was found a smaller ER-

PM distance and parallel ER orientation led to an earlier increase in calcium concentration, when
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compared to other orientation angles and ER-PM distances (Haberl et al., in preparation). Within
the idealized model is a number of signaling molecules that may also have asymmetric
distribution patterns that could further alter calcium signaling. Because our end goal is to create a
calcium signaling model based on realistic structural and spatial geometry it is important to
investigate whether the signaling molecules incorporated in the model have their own

heterogeneous localization patterns across the soma.

2. Presence of Asymmetric and Symmetric distributions of calcium signaling proteins
in Purkinje somas

Thus far our analysis has focused on characterizing the spatial distribution of ER
structural motifs and major organelles across the soma, which we have identified in many ways
to be heterogeneously distributed (Fig. 1.1 & 1.2). Currently, our model incorporates these
realistic geometries and spatial distribution patterns, but up until this point has assumed a
homogeneous distribution of the many signaling proteins that are incorporated into the model’s
GPCR-IP3-calcium signaling pathway (Haberl et al., in preparation). We sought out to analyze
and quantify the localization patterns of multiple proteins: Calbindin, a calcium buffer which is
robustly expressed in the Purkinje soma and binds to calcium in the cytosol; PMCA and
SERCAZ2B, which are both Calcium-ATPase pumps that work to remove calcium from the

cytosol; IP3R and RyR, which are both calcium channels embedded in the ER and are
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responsible for releasing the ER’s internal calcium stores; Climp63, Rtn4, and Tom20 which are

associated with specific ER subdomains, and mitochondria.

Calbindin
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Figure 2.1 Calbindin and PMCA localization in the soma (a-e) IHC fluorescence analysis methodology
(@) single cell identification for IHC fluorescence analysis. Scale bar = 10 um. (b) Standard coordinate
system, aligned linearly for each cell; creating standard cell orientation for each cell: nucleus centroid
represents center (0,0), dendritic pole aligned at 270°, axonal pole aligned at 90°. Scale bar= 10um. (c)
Soma boundary mask (green) and apical dendrite mask (red) determined by Calbindin channel. (d) Nucleus
boundary mask (yellow) determined by DAPI channel. () Composite of cell boundary masks for a single
imaging plane, with x denoting the center (0,0) at the nucleus centroid. (f) Composite and single-channel
fluorescent immunohistochemistry (IHC) assessment of mouse cerebellar tissue. Green channel, plasma
membrane calcium ATPase (PMCA); Grey channel, Calbindin, used to visualize cell soma and dendrite;
Blue channel, DAPI used to identify cell nucleus. Scale bar = 10 um. (g) Scaled angular distribution of
Calbindin divided into 12 equal 30 degree bin sections across 0° to 360°; Significance p<.05, n=18.
Angular Fluorescence for Calbindin: p=0.127. Dotted grey lines indicate F/Favg, the normalized average
fluorescence intensity, at 0.5 and 1. (h) Scaled radial distribution of average fluorescence intensity from
nuclear membrane to plasma membrane across 0° to 360°; Significance p<.05, n=18. Radial distribution of
Calbindin: p=0.023, bias towards plasma membrane. Radial distribution of PMCA: p<0.0001, bias toward
nuclear membrane.

In order to identify cell wide localization patterns of these various calcium signaling

proteins, fluorescence immunohistochemistry was performed on cerebellar mouse cortex to

17



identify the Purkinje soma, its nucleus, and the target protein’s abundance across 18 cells for
each target protein (Fig. 2.1c-e). To quantify this fluorescence data, a standard coordinate system
was used for every cell and aligned linearly so that the fluorescence intensity within the soma
could be analyzed along standardized angular and radial axes to measure its averaged abundance

across the cell population (Fig. 2.1b).

To verify our staining protocol, we aimed to show our method could correctly identify
spatial localization patterns of well documented, uniformly and asymmetrically distributed
proteins within the soma. We chose calbindin, a well-documented highly expressed endogenous
calcium buffer that diffuses freely across the soma’s cytoplasmic space. Due to previous work,
we expect it to be distributed relatively uniformly across the soma (Fierro & Llano, 1996).
Protein fluorescence was captured and analyzed across angular and radial axes, as stated in
methods and Figure 2.1, which qualitatively showed minimal variability in expression across the
soma (Fig. 2.1a-f). Angular distribution analysis of calbindin failed to detect a significant
difference (P=0.127), which supports that our staining and analytical methodology is sound (Fig.
2.1g9). When analyzed radially, a minor but significant (P=0.023) bias toward the distal boundary
of the cell was recorded (Fig. 2.1h). However, this biased radial distribution pattern may be the
result of large bulky organelle structures, such as the mitochondria and Layered ER sheets,
residing near the nucleus. These large structures may be confining and therefore limiting the
cytosolic volume near the nuclear boundaries, resulting in a relative decrease of calbindin when
directly compared to regions located farther from the nucleus where these structures may localize
in less abundance. Evidence presented by both Climp63 (Fig. 2.2) and Tom20 (Haberl et al., in
preparation), which mark Layered ER sheets and mitochondria, display a significant radial

enrichment (P<0.0001) toward the nuclear boundaries.
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Figure 2.2 Biased Distribution of Climp63 (a) Composite and single-channel fluorescent
immunohistochemistry (IHC) assessment of mouse cerebellar tissue. Green channel, cytoskeleton-linking
membrane protein 63 (Climp63); Grey channel, Calbindin, used to visualize cell soma and dendrite; Blue
channel, DAPI used to identify cell nucleus. Scale bar = 10 um. (b) Scaled angular distribution of Climp63
divided into 12 equal 30 degree bin sections across 0° to 360°; Significance p<.05, n=18. Angular
Fluorescence for Climp63: p<0.0001, bias toward dendritic pole. Dotted grey lines indicate F/Favg, the
normalized average fluorescence intensity, at 0.5 and 1. (c) Scaled radial distribution of average
fluorescence intensity from nuclear membrane to plasma membrane across 0° to 360°; Significance p<.05,
n=18. Radial distribution of Climp63: p<0.0001, bias towards nuclear membrane.

While initially stained to gain a general understanding of the cell wide localization
patterns of specific ER structural motifs and the mitochondria present in the soma, which were to
be further explored using super-resolution microscopy techniques, their cell wide localization
patterns may be useful in understanding the slight bias observed radially within our IHC
calbindin dataset. Climp63, cytoskeleton-linking membrane protein 63, is predominantly known
for its role in generating and maintaining ER sheets, with recent work suggesting it to function as
a spacer which helps maintain ER sheet architecture (Gao et al., 2019; Shibata et al., 2010). This
IHC fluorescence staining serves to provide us with a general understanding of the Layered ER

sheets’ distribution preferences across the soma, which we were able to characterize as large
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densely compact ER structures in our ET volumetric image datasets (Fig. 2.2a; Fig. 1.2f).
Climp63’s angular distribution displayed a significantly high preference toward the dendritic
pole region (P<0.0001) and radially displayed a significantly high preference toward the nuclear
boundaries (P<0.0001) (Fig. 2.2b-c). This radial and angular enrichment of Climp63 suggests
that these large ER structures localize in greater abundance near the nuclear boundaries and the
dendritic pole region of the soma. Tom20, a cortical mitochondrial import receptor subunit
protein, was immunostained to visualize the general distribution of mitochondria across the
soma. Tom20 displays a slight angular preference on the dendritic pole (P=0.0042) and a
significant radial bias toward the nuclear boundaries (P<0.0001) when analyzed across the soma,
from 0°-360° (Haberl et al., in preparation). Together, Climp63 and Tom20 exemplify
heterogeneously distributed organelle structural subdomains that preferentially localize in great
abundance near the nuclear boundaries of the soma. These specific localization patterns of large
bulky organelle structures may in fact limit the cytosolic volume available for calbindin to travel
and inhabit near the nuclear boundaries, causing a relative decrease in calbindin within these
areas when compared to more distal regions of the soma. This potential relative decrease in
cytoplasmic space may be the reason we see a slight radial bias toward the plasma membrane
within our calbindin analysis. However, this must be further explored before a definitive
conclusion can be made. Overall, the calbindin fluorescence data exemplifies a largely

homogeneous cell wide distribution pattern, which we expected.

Next PMCA, a ubiquitously expressed calcium-extruding enzymatic pump located on the
plasma membrane, was stained to see if our methodology could accurately record and analyze
well established proteins with severely polarized distribution patterns (Sepulveda et al., 2007).

As suggested above, because of PMCA’s known localization across the surface of the plasma
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membrane, we expected PMCA to be highly polarized. Radial distribution analysis of PMCA
displays an intense polarization (P<0.0001) confirming PMCA’s distribution along the plasma
membrane of the Purkinje soma (Fig. 2.1h). Together, calbindin and PMCA increase our
confidence that our IHC fluorescence analysis method is able to detect both largely uniform and
asymmetric fluorescence distributions within the soma. Next, we stained for proteins that
modulate calcium signaling in order to quantify their cell wide distribution patterns, such as
IP3R, RyR, and SERCA2B. Once quantified, these specific localization patterns will be
implemented into the model which will further increase its ability to accurately depict realistic
spatiotemporal calcium dynamics within the Purkinje soma, thereby increasing our confidence

the model is representative of realistic biological processes.
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Figure 2.3 Colocalization of IP3R and RyR (a) Composite and single-channel fluorescent
immunohistochemistry (IHC) assessment of mouse cerebellar tissue. Green channel, inositol triphosphate
receptor (IP3R); Red channel, ryanodine receptors (RyR); Grey channel, Calbindin, used to visualize cell
soma and dendrite; Blue channel, DAPI used to identify cell nucleus. Scale bar = 10 um. (b) Scaled angular
distribution of IP3R and RyR divided into 12 equal 30 degree bin sections across 0° to 360°; Significance
p<.05, n=18. Angular Fluorescence for IP3R: p=0.0569. Angular Fluorescence for RyR: p<0.0001, bias
towards dendritic pole. Dotted grey lines indicate F/Favg, the normalized average fluorescence intensity, at
0.5 and 1. (c) Scaled radial distribution of average fluorescence intensity from nuclear membrane to plasma
membrane across 0° to 360°; Significance p<.05, n=18. Radial distribution of IP3R: p=0.0083, bias towards
plasma membrane. Radial distribution of RyR: p<0.0001, bias towards nuclear membrane.

With our staining and analysis techniques established, we moved on to characterize the
localization patterns of important calcium modulating proteins. Initially, we focused on IP3Rs
and RyRs because both are embedded in the ER and modulate the release of the ER’s internal
calcium stores. This modulation of internal calcium release is essential for continued propagation
of calcium across the cytoplasmic space and essential for our model, so these receptors were co-
stained in order to directly compare their angular and radial fluorescence within the same cells.

No significant difference in overall angular fluorescence of IP3R (P=0.0569) from 0°-360° was
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detected (Fig. 2.3b). Radially, IP3R showed a significant radial bias (P=0.0083) toward the distal
boundaries of the soma from 0°-360° (Fig. 2.3c). However, when analyzing individual degree
bins it should be noted that degree bins 240°-270° and 270°-300° showed IP3R to be
significantly less abundant within these regions of the dendritic pole (Fig. 2.3b). In congruence
with IP3R’s high abundance within the axonal pole regions and the significant radial trend
signifying increased abundance near the PM, it is possible IP3Rs may be more highly associated
with subsurface ER closely apposed to the PM. This could potentially explain why there is a
significant decrease in IP3R abundance at the 270° region, because this is where the dendritic
opening is present. Essentially, this is the only region lacking PM, which subsequently may be
causing a reduction in overall abundance of subsurface ER within the 270° region (Fig. 2.3).
Conversely, RyR was found to have a significantly polarized angular distribution (P<0.0001)
bias, favoring the dendritic pole regions (Fig. 2.3b). Our radial analysis of RyR also indicates a
strong fluorescence enrichment toward the nuclear boundaries of the cell resulting in a
significantly biased proximal distribution (P<0.0001) preference for RyRs (Fig 2.3c). The
relevant decrease in abundance of RyRs on the axonal pole, in congruence with its proximal
radial bias, suggests the possibility that RyRs may be more highly associated with more
proximally localized ER. Importantly, IP3R’s and RyR’s distinct angular and radial localization
patterns support our hypothesis that calcium signaling proteins can be heterogeneously

distributed in the Purkinje soma.
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Figure 2.4 Localization of SERCA2B (a) Composite and single-channel fluorescent
immunohistochemistry (IHC) assessment of mouse cerebellar tissue. Green channel, sarco-endoplasmic
reticulum calcium ATPase (SERCA2B); Grey channel, Calbindin, used to visualize cell soma and dendrite;
Blue channel, DAPI used to identify cell nucleus. Scale bar = 10 um. (b) Scaled angular distribution of
Serca2B divided into 12 equal 30 degree bin sections across 0° to 360°; Significance p<.05, n=18. Angular
Fluorescence for SERCA2B: p=0.5422, bias toward dendritic pole. Dotted grey lines indicate F/Favg, the
normalized average fluorescence intensity, at 0.5 and 1. (c) Scaled radial distribution of average
fluorescence intensity from nuclear membrane to plasma membrane across 0° to 360°; Significance p<.05,

n=18. Radial distribution of SERCA2B: p=0.0523.
SERCAZ2B is another important calcium modulating protein we stained. Its primary

function is monitoring and regulating the ER’s internal calcium stores by transporting cytosolic
calcium back into the ER once these calcium stores are depleted. SERCA2B, formally known as
sarco/endoplasmic reticulum calcium ATPase pump, is located on the ER membrane and is an
integral regulator in maintaining the ER’s internal calcium stores. Just as IP3R and RyR
represent integral calcium release channels that perpetuate regenerative calcium propagation
across the cytoplasmic space, SERCA2B aids the buffering capacity of the soma which helps

maintain proper calcium homeostasis, as well as regulate the ER’s internal calcium
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concentration. We found SERCAZ2b to be uniformly distributed across the soma, displaying no
significant difference in either its angular (P=.5422) or radial (P=.0523) distribution (Fig. 2.4b-
c). While we don't see a statically significant effect, it's worth noting that there is a substantial
trend seen radially moving toward a potential increase closer toward the nuclear membrane, and
this data set has a smaller n-value than other datasets, with five cells being represented rather
than eighteen. Therefore, it is possible that given a higher n-value, we would detect a radially
heterogeneous distribution. Overall, SERCA2B was not found to be heterogeneously distributed
and until more data is acquired our model’s assumption assuming a homogeneous distribution of

SERCAZ2B does not need to be corrected.

25



240 1 300
157+
330
210 b5
(@)
>
180 0 L
I
>
150 ®© 30 F = Rtn4 0° to 360°
e 0 i T
Nuclear Plasma
129 90 60 Membrane Membrane
Rtn4 Rtn4
P=0.0032 P< 0.0001

Figure 2.5 Biased Distribution of Rtn4 (a) Composite and single-channel fluorescent
immunohistochemistry (IHC) assessment of mouse cerebellar tissue. Green channel, reticulon 4 (Rtn4);
Grey channel, Calbindin, used to visualize cell soma and dendrite; Blue channel, DAPI used to identify cell
nucleus. Scale bar = 10 um. (b) Scaled angular distribution of Climp63 divided into 12 equal 30 degree bin
sections across 0° to 360°; Significance p<.05, n=18. Angular Fluorescence for Rtn4: p=0.0032, bias
toward dendritic pole. Dotted grey lines indicate F/Favg, the normalized average fluorescence intensity, at
0.5 and 1. (c) Scaled radial distribution of average fluorescence intensity from nuclear membrane to plasma
membrane across 0° to 360°; Significance p<.05, n=18. Radial distribution of Rtn4: p<0.0001, bias towards

nuclear membrane.
Rtn4, reticulon4a, was also immunostained for and is understood to promote ER tubule

formation and cause local ER curvature (Gao et al., 2019; Goyal & Blackstone, 2013).
Importantly, Rtn4 is believed to be excluded from “sheet-like ER structures” and recently has
been identified to be present in highly dynamic peripheral ER matices, that are made up of dense
layers of ER tubular structures (Nixon-Abell et al., 2016). Recent work has suggested these
dense layered ER tubular structures have been misidentified previously by standard confocal
imaging techniques that lack the spatiotemporal resolution to distinguish between uniform

layered ER sheets located near the nucleus, where the cell is widest, and peripheral ER matrices
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localized in more distal regions of the cell, where the cell is much thinner. This initial Rtn4
immunostaining was done in order to compare its results with Climp63 and co-stained super-
resolution microscopy experiments were planned to gain greater insight in the spatial distribution
of these specific ER structures. We found Rtn4 has a slight angular preference toward the
dendritic pole (P=0.0032) when analyzed from 0-360 degrees (Fig. 2.5b). Radially, Rtn4, like
Climp63, is significantly polarized (P<0.0001) near the nuclear boundaries, signifying a high
enrichment near the nucleus (Fig. 2.5¢). While we understand our resolution is not high enough
to distinguish between these structures presently, the potential conflation observed between
Climp63 and Rtn4 exemplifies the complex nature of the ER’s fine ultrastructure present within
the Purkinje soma. Future directions to be explored include using a combination of super-
resolution microscopy technigues in order to more solidly distinguish the differences between

these structures' specific spatial localization patterns within the soma of the Purkinje cell.

IHC protein distribution analysis was done initially to gain insight into the general cell-
wide distribution patterns of important calcium modulating proteins. IP3R and RyR were found
to be heterogeneously distributed across the soma, while SERCA2B was found to be largely
homogeneously distributed. Even though more work must be done utilizing super-resolution
microscopy techniques in order to more faithfully populate the final model, parameter sweeps
varying relative densities of IP3R and RyR present on the ER membrane were performed
utilizing the idealized geometry model discussed previously (Haberl et al., in preparation). It was
found these varying receptor densities had a major impact on the amount of total calcium
molecules released, providing evidence that heterogeneous protein distributions may
significantly influence calcium signaling dynamics within the somatic space (Haberl et al., in

preparation).
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DISCUSSION

Understanding calcium signaling dynamics has been and continues to be an important
and evolving field in neuroscience. This research and its findings have expanded our
understanding by providing evidence that the orientation of heterogeneous membrane
ultrastructure and the distribution of calcium signaling molecules shape the spatiotemporal
dynamics of calcium in the soma. By using a combination of SBEM and high-resolution ET, we
were able to reconstruct and characterize the membrane ultrastructure of the Purkinje cell soma
(Fig. 1.1-1.2, Haberl et al., in preparation). The ER has been shown to be an extensively
widespread and morphologically heterogeneous intracellular organelle that plays an important
role in maintaining proper regulation of calcium dynamics (Renvoise & Blackstone, 2010;
Voeltz et al., 2002). Through our 3D reconstructions, we confirmed the ER to be a continuous
and intricate interconnected network featuring various structural motifs that were spatially
differentiated across the soma, filling the cytoplasmic space between the nucleus and plasma
membrane (Fig. 1.1-1.2, Haber et al., in preparation). Further analysis of the ER revealed a high
volume of subsurface ER to be preferentially oriented parallel and closely apposed to the PM
(Fig. 1.1-1.2, Haberl et al., in preparation). This data corroborates with other studies that have
documented a high percentage of ER-PM contact sites in neuronal cell bodies made by ER
cisternae, in which the ER covered a much larger fraction of the PM comparatively to smaller
neuronal compartments, such as dendrites, axons, and spines (Wu et al., 2017). The great
abundance of ER closely apposed to the PM seen in the soma may be indicative of the functional
importance ER has in maintaining proper calcium signaling dynamics across large spatial
compartments. Functionally, this highly abundant and parallel oriented subsurface ER near the

PM may impact calcium signaling dynamics as a physical barrier, as well as be associated with

28



store operated calcium entry (SOCE) (Chang et al., 2017; Subedi et al., 2017; Wu et al., 2017).
To test how the varying orientation angles and positioning of the ER relative to the PM affect
calcium signaling dynamics, a model utilizing idealized geometry was constructed (Haberl et al.,
in preparation). The model tests a variety of parameters giving us the ability to vary ER-PM
distance, and ER orientation relative to the PM (Haberl et al., in preparation). It was found that
parallel orientation resulted in the earliest increase in local calcium concentration, at 120 ms,
suggesting parallel orientation may be favored in order to generate local microdomains of
concentrated calcium more quickly near the PM (Haberl et al., in preparation). It was also found
that larger amounts of calcium molecules were released overall when the distance between the
ER-PM was the smallest, and the ER orientation to the PM was parallel or closest to parallel
(Haberl et al., in preparation). This suggests local microdomains of calcium are sensitive to the
ER’s relevant position, orientation, and apposition to the PM. This provides evidence that the
somatic ultrastructure's heterogeneous morphology may influence calcium signaling dynamics

across the Purkinje soma.

A potential reason for the great abundance of parallel oriented ER near the PM within the
Purkinje soma could be a functional need which requires many ER-PM membrane contact sites
(MCS). ER-PM MCS have been found to mediate SOCE through the interaction of STIM1
(stromal interaction molecule 1) located on the ER and Orail (calcium release-activated calcium
channel protein 1) located on the PM, which function to replenish internal ER calcium stores,
once the calcium stores are depleted (Chang et al., 2017; Chung et al., 2017; Stefan et al., 2013).
Recent studies have suggested SOCE (via STIM1-Orai proteins interaction) is required for
refilling ER calcium stores in non-firing Purkinje cells held at resting membrane potential,

however SOCE’s role in refilling depolarization-evoked calcium depletion seems to be minimal
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and more work must be done to fully understand it in its entirety (Hartmann et al., 2014; Kraft,
2015). The same study also showed mGlurl-dependent synaptic signaling, in which the GPCR-
IP3-calcium pathway is reliant on to occur, to be completely halted in the absence of STIML1,
suggesting STIM1 may be a key regulator of calcium signaling (Hartmann et al., 2014). This
suggests Purkinje neurons may depend on SOCE as a mechanism for maintaining calcium
homeostasis and therefore may depend on the somatic ultrastructure mediating ER-PM MCS in
order to maintain the ER’s internal calcium stores. Future developments of the model may wish
to further explore the functional ramifications of SOCE on calcium signaling dynamics in
Purkinje somas, in order to implement SOCE to continue to increase the model’s physiological

relevance.

Once we found evidence the somatic ultrastructure was heterogeneously distributed, we
sought to determine if calcium signaling molecules were also heterogeneously distributed across
the somatic space. Fluorescence IHC staining and confocal microscopy was performed in order
to gain a first pass understanding of cell-wide distribution patterns of proteins involved with the
IP3-Ca2*" pathway. We were able to validate our protein distribution staining and analytical
methodology by detecting both highly polarized and widely distributed proteins. PMCA is a
calcium extruding pump, previously described as an integral regulator responsible for
maintaining intracellular calcium levels and is highly expressed on the plasma membrane of
Purkinje cells which is important for maintaining intracellular calcium levels (Empson et al.,
2007; Sherkhane & Kapfhammer, 2013). PMCA’s significant radial bias toward the PM
confirms this and indicates we are able to accurately detect heterogeneous distribution patterns
(Fig. 2.1). Calbindin, a well-known highly expressed and endogenous calcium buffer, was

expected to be relatively homogeneously distributed across the soma (Fierro & Llano, 1996;
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Maskey et al., 2010). Our experiments confirmed this previously held assumption as no
significant difference in calbindin’s angular distribution was detected, indicating it to be
relatively widely and evenly distributed across the somatic space (Fig. 2.1). This being said,
radial analysis indicated a slight but nonetheless significant bias toward the distal boundaries of
the cell (Fig. 2.1). However, a possible biological explanation for this radial bias may be the
result of large bulky organelle structures, such as mitochondria and Layered ER sheets, residing
near the nucleus. These large structures may be confining and therefore limiting the cytosolic
volume near the nuclear boundaries, resulting in a relative decrease of calbindin when averaged
and directly compared to areas near the plasma membrane. This explanation is supported by our
IHC staining of Climp63 and Tom20, which both display significantly high radial enrichment
near the nuclear boundaries, as well as significant angular biases, favoring the dendritic pole
(Fig. 2.4, Haberl et al., in preparation). In addition, analysis across the EM ultrastructure
reconstruction indicates a high density of Layered ER sheets surrounding the nucleus (Fig. 1.2;
Haberl et al., in preparation). Furthermore, radial analysis across the SBEM dataset found a
majority of mitochondria to be positioned 200 nm or farther from the PM, occupying areas closer
to the nucleus (Fig. 1.1; Haberl et al., in preparation). Together, these findings indicate large
bulky organelle structures, marked by Climp63 and Tom20, to be heavily localized within the
perinuclear region of the somatic space. It should be noted that while no significant difference
was detected angularly, calbindin expression was reduced in the dendritic pole region when
compared to the axonal pole region with degree bins 240°-300° resulting in the greatest overall
decrease (Fig. 2.1g). This antiparallel relationship, displayed between calbindin, and both Tom20
and Climp63 suggests the increased presence of these large organelle structures may limit

cytosolic volume near the nucleus, which may be why a slight radial bias toward the plasma
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membrane is observed for calbindin. Overall, calbindin and PMCA indicate our ability to detect

both highly polarized and widely distributed proteins, in the somatic space.

In order to populate our model faithfully, a precise understanding of the cell wide
distribution patterns is needed for all of the calcium signaling proteins in the GPCR-1P3-calcium
pathway. Unlike PMCA and calbindin, other calcium signaling protein’s distribution patterns are
not nearly as well understood in the Purkinje soma. IP3R, RyR, and SERCA2B are of particular
interest as they all reside on the ER membrane and regulate the release and replenishment of the
ER’s internal calcium stores. A previous two-dimensional model depicting calcium dynamics in
neurites of neuroblastoma cells similarly believed it essential to analyze the distribution of
critical proteins that may alter calcium dynamics dependent on their localization patterns across
the neurite (Fink et al., 2000). Our IHC analysis indicates IP3R and RyR to be heterogeneously
distributed across the soma, while SERCA2B was found to be largely homogeneously distributed
(Fig. 2.3; Fig. 2.4). IP3R fluorescence was found to be significantly enriched near the PM,
indicating a heterogeneous radial distribution pattern (Fig. 2.3). This finding corroborates with a
recent study that used a combination of TIRFM (total internal reflection fluorescence
microscopy) and STORM (stochastic optical reconstruction microscopy) to image live cells in
high resolution and discerned through their experimentation that IP3R calcium mediated puffs
were localized near the PM and caused predominantly by immobile IP3R clusters (Thillaiappan
et al., 2017). Therefore, in combination with our own findings, it is possible that immobile IP3R
clusters near the PM may be more heavily localized along the subsurface ER near the PM
relative to ER in other regions of the soma. It is therefore pertinent to further investigate IP3R’s
distribution along the subsurface ER near the PM using super-resolution imaging techniques,

such as expansion microscopy (ExM), to determine if significant variations of IP3R density exist
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across the somatic space as this may directly alter calcium signaling dynamics (Tillberg et al.,

2016).

RyR, like IP3R, was also found to be heterogeneously distributed. According to our IHC
analysis, RyR is both angularly and radially polarized featuring a significant enrichment toward
the nuclear boundaries and the dendritic pole (Fig. 2.3). RyRs are activated when an increased
concentration of cytosolic calcium is sensed, resulting in CICR, a process which amplifies the
regenerative calcium wave across the cytoplasmic space (Gruol et al., 2010; Llano et al., 1994).
Together, a number of past studies indicate the important functional role RyR may have in
influencing calcium signaling in Purkinje cells and was found to significantly amplify large
calcium signals (Gruol et al., 2010; Kuwajima et al., 1992; Llano et al., 1994). It was also found
that the perinuclear calcium signals were larger than the calcium signals recorded near the PM,
indicating calcium signals are amplified as calcium transverses the somatic space (Gruol et al.,
2010). From these observations, they concluded this enhanced amplification was likely the result
of CICR mediated by RyR (Gruol et al., 2010). If correct, this is potential evidence suggesting
RyR may be more heavily associated with ER situated near the nucleus, which our IHC analysis
supports, but more data must be collected before any definitive conclusions can be made. Unlike
RyR and IP3R, SERCA2B was found to be largely homogeneously distributed across the soma
(Fig. 2.4). Previous studies have indicated that across neuronal cell types, SERCA2b expression
is highest in Purkinje neurons, with the soma boasting the greatest expression levels (Baba-Aissa
et al., 1996; Sepulveda et al., 2004). This is in agreement with our own observations, so at this
time the uniform distribution assumption made within our model does not need to be altered in

regards to SERCA2B (Fig. 2.4; Haberl et al., in preparation).
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While not directly a part of the GPCR-IP3-calcium pathway, Climp63, Rtn4, and Tom20
highlight structural subdomains across the somatic ultrastructure which will allow us to compare
our protein distribution analysis more directly with our 3D ultrastructure reconstructions. By
utilizing a number of super-resolution imaging techniques, we will be able to further characterize
the morphology of the intracellular space and assess the localization of Climp63, Rtn4, and
Tom20 with greater spatial resolution (Gambarotto et al., 2019; Nixon-Abell et al., 2016). These
experiments will help to confirm our findings, regarding the complex, dynamic, and
heterogeneous ultrastructure which we observed and reconstructed within our experiments. Other
future directions, to continue to better the model, include further exploring localization patterns
of relevant calcium signaling proteins utilizing super-resolution microscopy techniques
(Gambarotto et al., 2019; Wassie et al., 2019). Recent studies have identified new applications
utilizing variations of ExM, in which proteins are anchored to the ExM gel and then expanded,
resulting in enhanced spatial resolution while maintaining protein retention (~4.5x) (Tillberg et
al., 2016; Wassie et al., 2019). Utilizing these techniques will allow us to observe and quantify
spatial distributions of key calcium signaling molecules in subcellular domains across the soma
with enhanced spatial resolution. Co-localization staining between varying combinations of
calcium signaling proteins may provide insight in how their localization relative to one another
could impact their functional role within ER nanodomains (Biwer & Isakson, 2017; Thillaiappan
etal., 2017; Wu et al., 2017). In addition to our IHC analysis, these combined results will

provide more accurate information in regards to populating the final model.

In summary, my IHC experiments, along with collaboratory work that highlighted
distributions of other proteins, represent a systemic analysis of the cell-wide distribution patterns

of calcium signaling proteins belonging to the IP3-Ca?* pathway in Purkinje cells (Haberl et al.,
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in preparation). Across our IHC analysis, a wide range of both homogeneous and heterogeneous
distribution patterns was observed, supporting our hypothesis that not all calcium signaling
molecules are evenly distributed across the soma (Haberl et al., in preparation). Using electron
tomography, we reconstructed a precise 3D ultrastructure of the intracellular space and were able
to observe, quantify, and characterize the heterogeneous nature of the somatic ultrastructure (Fig.
1.2; Haberl et al., in preparation). This allowed us to quantify calcium diffusion rates that
consider the varying orientation and distance of the ER relative to the PM, which we observed
throughout our EM datasets. Even with idealized geometries, these calcium simulations reveal
the somatic ultrastructure’s potential to influence calcium signaling, both passively and actively,
across the large “open space” of the soma (Haberl et al., in preparation). It was also revealed,
using this idealized model, that varying IP3R and RyR density across the ER membrane
dramatically alters calcium signaling (Haberl et al., in preparation). Once complete, it will enable
future studies at an unprecedented level to explore how realistic membrane ultrastructure and
accurate protein localization influence calcium handling within neuronal somas. Recent studies
have already begun to characterize the ER’s many contact points with other organelles and their
potential functional roles in fine structural detail (Wu et al., 2017). In combination with our own
research, we hope our final model will enable future studies to continue to further extrapolate the

neuronal ultrastructure’s functional role in modulating important cellular functions.
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MATERIALS AND METHODS

Animals

All animal procedures were approved by the Institutional Animal Care and Use
Committee (IACUC, protocol number S12254) of UC San Diego and followed all relevant
ethical regulations regarding animal research. Wild-type C57BL/6J (Jackson Laboratories) male
and female mice were used from postnatal days 45 to 50, for immunohistochemistry (IHC)
experiments. For electron microscopy experiments, a single male C57BL/6NHsd mouse was

used on postnatal day 40.

Tissue Preparation for Neuronal Imaging Experiments

To acquire tissue samples for IHC experiments, C57BL/6J mice were anesthetized with
90 ul of ketamine administered through intraperitoneal injection. Mice were then transcardially
perfused at room temperature (37°C) and first flushed for 5 minutes with a 1x PBS, phosphate
buffer saline, and heparin solution. The mice were then perfused for 15 minutes with a 4%
paraformaldehyde (PFA) solution diluted from a 16% PFA stock solution (Electron Microscopy
Sciences 15710) in 1X PBS. Immediately following the perfusion, the mice’s whole brains were
extracted and fixed in the remaining 4% PFA solution overnight at 4°C. Whole brains were then
transferred into a 30% sucrose solution for a minimum of 48 hours at 4°C. Using a Leica
microtome, freeze sectioning of the cerebellum was performed and 50 um thick sagittal slices
were collected and placed in cryo-preservative solution at -20°C for a minimum of 24 hours.
Tissue samples acquired for electron microscopy (EM) experiments were performed by Matthias
Haberl at the NCMIR (National Center for Microscopy and Imaging Research) and followed the

same procedures described in Haberl et al., 2018.

36



Immunohistochemistry (IHC)

Free floating cerebellar slices spanning the Vermis region of the Cerebellum were
selected for immunohistochemistry experiments. Immunohistochemistry procedures were
performed as described previously (Haberl et al., 2018). Chosen cerebellar tissue slices were first
washed in ice cold 1X phosphate buffer saline (PBS) for ten minutes, three times. Tissue slices
were then permeabilized for ten minutes at room temperature (37°C) in 1X PBS containing 1%
Triton-X (diluted from 10% Triton-X solution [Sigma Aldrich 10789704001]). Permeabilized
tissues were again washed in 1X PBS for ten minutes, three times. Tissue slices were then
washed in a PBS based blocking buffer and incubated overnight at 4°C. Blocking buffer is
comprised of 3% normal donkey serum (NDS) (Sigma Aldrich D9663), 1% bovine serum
albumin (BSA), 1% cold water fish gelatin (diluted from 10% fish gelatin) and 0.1% Triton-X

(Sigma Aldrich 10789704001).

Before primary antibody staining, if the primary antibody’s protein receptor was raised in
mouse, the tissue slices were further prepped to minimize background fluorescence. For certain
experiments, tissue slices were incubated for an additional 2 hours at room temperature (37°C) in
a Mouse-on-Mouse staining solution containing 0.1mg/mL anti mouse 1gG (H+L) polyclonal
antibody (Jackson 2338476). After the two-hour period, the tissue slices were washed three times

in working buffer for ten minutes each time.

Slices were washed with an ice cold working buffer three times for ten minutes at 4°C.
This working buffer consists of 10% blocking buffer, 0.1% Triton-X (Sigma Aldrich
10789704001), and 1X PBS. Primary antibody staining was performed by incubating tissue

slices for 72 hours at 4°C in working buffer solution containing primary antibodies. List of
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primary antibodies used: 1/800 guinea Pig anti Calbindin polyclonal (Synaptic Systems 214004),
1/250 Rabbit anti PMCAZ2 polyclonal (abcam ab3529) 1/100 Rabbit anti CKAP4/ CLIMP63
polyclonal (Proteintech 16686-1-AP), 0.1mg/mL anti Mouse 1gG (H+L) polyclonal (Jackson
2338476), 1/100 Rabbit anti IP3R1 polyclonal (Invitrogen PA1-901), 1/100 Rabbit anti RTN4
polyclonal (Proteintech 10950-1-AP), 1/100 Mouse anti RyR1 monoclonal (Invitrogen MA3-
925), 1/100 Rabbit anti SERCAZ2 polyclonal (Novus NB100-237)), 1/100 Rabbit anti TOM20

polyclonal (Proteintech 11802-1-AP).

Primary antibody tissue slices after the 72-hour period were removed from the primary
antibody solution and washed three times in ice cold working buffer solution for five minutes.
Secondary antibody staining was performed by incubating tissue slices for 24 hours at 4°C in
working buffer solution containing secondary antibodies (working buffer is made the same as
described previously). Secondary antibodies were conjugated to Alexa 488, 594, and 647
fluorophores. All secondary antibodies were raised in donkeys. After the 24-hour secondary
antibody solution incubation process, tissue slices were washed with ice cold 1X PBS for 5
minutes, three times. Tissue slices were then stained and mounted on a microscope slide using
DAPI (4',6-diamidino-2-phenylindole) Fluoromount-G mounting media (SouthernBiotech 0100-
20) in order to stain the nuclei of the Purkinje cells. The slides were then sealed with glass

coverslips.

Confocal Microscopy and Analysis

Stained cerebellar tissue slices (described above) were acquired and imaged in order to
obtain volumetric confocal image datasets of Purkinje cells located within the VVermis region on

lobes IV/V and VI. Images were taken at the Nikon Imaging Center at UC San Diego with the
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Nikon Al Confocal and deconvolved with the Landweber algorithm by NIS-Elements Software.
For each target protein, 18 neurons were imaged, selected, and analyzed across three different
brains. The only exception to this is SERCAZ2, in which only 5 neurons were imaged, selected,
and analyzed across two brains. For each neuron 11-21 sequential z-step images emanating from
the center of the neuron were selected and analyzed. The center of the neuron was estimated by
measuring and comparing the maximal somatic and nuclear widths. Once selected, contour
masks based on calbindin staining were generated to outline the plasma membrane boundary of
the Purkinje neurons, while DAPI staining was used to generate Purkinje nuclei contour masks
(Fig. 2.1a-e). These contour masks were automatically generated using IMOD software and were
hand corrected for each neuron across its z-step range. Purkinje soma and dendrite boundary cut-
off points were determined by utilizing the progression of cellular curvature to estimate the
natural inflection points between the larger somatic space and smaller diameter of the dendritic
opening. Finalized contour masks were used to isolate fluorescence within the somatic space,
which was then analyzed utilizing Matlab scripts created by Evan Campbell. Background
fluorescence of target proteins was estimated for each z step image of each neuron in one of two
ways: by measuring the averaged fluorescence (1) within the Purkinje cell nuclei or (2) drawing
the background ROI of a granule neuron nuclei near the target Purkinje cell. Target protein
fluorescence was extracted between the soma boundary mask and the nucleus boundary.
Background fluorescence was subtracted from the target protein fluorescence and measured
across the target cell population (n=18) using both angular and radial analysis techniques. A
standard coordinate system was used for every cell, so that the fluorescence could be analyzed
along standardized angular and radial axes to measure its averaged abundance across the cell

population (Fig. 2.1-2.5). The standard coordinate system rotates every image, so the apical
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dendrite (dendritic pole) is at 270°, the axonal pole is at 90°, and the nucleus centroid is located
at the origin (0,0) and aligned linearly with the apical dendrite (Fig. 2.1b). Angular fluorescence
intensity was analyzed by imposing the coordinate system, described above, onto each cell and
segmenting the cytoplasmic space into twelve 30° bins (Fig. 2.1g). In each 30° bin and across
each cell the fluorescence intensity was averaged across 0°-360° for the entire cell population,
allowing the angular fluorescence distribution for each protein target to be calculated. Radial
fluorescence intensity was analyzed by normalizing the radial vector lengths emanating laterally
from the nuclear boundary to the soma boundary, across 0°-360° and within each 30° bin (Fig.
2.1h). The normalized radii vectors were scaled and averaged across the cell population for each
protein target across 0°-360° and within each 30° bin. Radial fluorescence distribution patterns
were calculated across the cell population using the average normalized and scaled radii vectors
for each protein target (Fig. 2.1h). Calculations for both angular and radial analysis techniques

were performed using One-way ANOVAS significance tests in Prism GraphPad.

Electron Microscopy Techniques and 3D Ultrastructure Reconstruction

Volumetric image datasets of the axonal and dendritic pole regions of mouse cerebellar
Purkinje neurons were acquired using electron tomography (ET). One large-scale volumetric
image dataset of a cerebellar Purkinje soma was acquired using Serial block-face scanning
electron microscopy (SBEM) (Haberl et al., 2018). Methods for both SBEM and ET experiments
were performed as described in Haberl et al. 2018. ET volumetric datasets were acquired at 2.1-3
nm voxelsize and reconstructed at 4.2-6 nm voxelsize in x/y/z. Imaging dimensions for the Tomo
2 dataset shown in Figure 1.2 are as follows: Tomo2: reconstructed voxelsize in x/y/z 6 nm;

Image volume dimensions: 12 x 12 x 2.62 um®.
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CDeep3M, an open source deep-learning image segmentation algorithm, was used to
generate the initial segmentations of the Purkinje soma’s subcellular ultrastructure (Haberl et al.,
2018). The plasma membrane, nucleus, Golgi apparatus, mitochondria, and endoplasmic
reticulum were reconstructed across five ET volumetric image datasets. Manual hand annotations
and subsequent smaller EM training datasets were performed using IMOD software to increase
the accuracy and precision of CDeep3M’s segmentation predictions. Manual corrections and
continual training of CDeep3M was conducted to produce the finalized 3D models of the somatic

ultrastructure.

Purkinje Soma Calcium Diffusion Model

The calcium diffusion model, using partial differential equations, was created by Justin
Laughlin at the Rangamani Lab, UC San Diego. The model has been constructed to simulate
realistic spatiotemporal calcium dynamics in Purkinje somas, by incorporating the structural and

spatial information obtained from the experiments described above.
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