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Abstract

A wide range of diseases is associated with alterations of the brain morphology.
Multiscale three-dimensional visualization of continuous volumes of unstained brain tissue is

important to gain insight to pathologically relevant processes of neurological diseases.

Many pathological processes in neurodegenerative disorders affect myelinated axons, which
are a critical part of the neuronal circuitry. Cryo-ptychographic X-ray computed tomography
(cryo-PXCT) in the multi-keV energy range is an emerging technology, which provides phase
contrast at high sensitivity, allowing label-free and non-destructive three-dimensional imaging
of relatively large continuous volumes of tissue. The first part of this thesis reports a pipeline
for cryo-PXCT of hydrated and unstained biological human brain tissue of volumes beyond
what is typical for X-ray imaging, combined with complementary methods. Four samples of a
Parkinson’s diseased human brain and five control samples from a non-diseased human brain
were imaged using cryo-PXCT. In both cases, specific features were distinguished, such as
neuromelanin-containing neurons, lipid and melanic pigments, blood vessels and red blood
cells, and nuclei of other brain cells. In the diseased samples, several swellings containing
dense granular material were observed, which were resembling clustered vesicles between
the myelin sheaths arising from the cytoplasm of the parent oligodendrocyte, rather than the
axoplasm. The pathological relevance of such swollen axons in adjacent tissue sections was
further investigated by immunofluorescence microscopy for phosphorylated alpha-synuclein.
Since cryo-PXCT is non-destructive, the large dataset volumes were used to guide further
investigation of such swollen axons by correlative electron microscopy and immunogold
labeling post X-ray imaging, a possibility demonstrated for the first time. Interestingly, protein
antigenicity and ultrastructure of the tissue were preserved after the X-ray measurement. As
many pathological processes in neurodegeneration affect myelinated axons, this work sets an
unprecedented foundation for studies addressing axonal integrity and disease-related

changes in unstained brain tissues.



The extreme complexity of the human brain prevents performing precise analysis of specific
components of neuronal networks, for example, of the individual neurons’ interactions in
specified circuits. The second part of this thesis reports on the development of a novel
compartmentalized neuronal co-culture platform allowing simulation of parts of neuronal
networks with higher variable control. Polymer microstructures were fabricated on top of
sapphire discs, which can direct the outgrowth of neurites originating from two distinct groups
of neurons growing in different compartments. This was demonstrated using two populations
of neurons expressing either EGFP or mCherry, which also facilitates the analysis of the specific
interactions between two sets of cells. The design of device permits direct observation of
neuritic processes within microchannels by optical microscopy with high spatial and temporal
resolution to investigate the response of neurites projections to the guidance cues.
Furthermore, the cell culture platform is compatible with high-pressure freezing. This allows
cryo-preservation of reconstructed neuronal networks at near-native vitreous state for high
resolution analysis by electron microscopy. Following freeze substitution, it is possible to
process the resin-embedded neuronal networks via conventional methods for ultrastructural
imaging via electron microscopy. Several key features of the embedded neuronal networks,
including mitochondria, synaptic vesicles, axonal terminals, microtubules, with well-preserved
ultrastructures were observed at high resolution using Focused lon Beam — Scanning Electron
Microscopy (FIB-SEM) and Serial sectioning - Transmission Electron Microscopy (TEM). These
results demonstrate the compatibility of the platforms with both optical microscopy and
electron microscopy. For future studies, the presented platform can be extended to disease
models to allow investigating neurodegenerative processes at the nanoscale as well as

pharmacological testing and drug screening.

In summary, the techniques for neuroimaging reported in this thesis can be considered as
essential tools for investigating the ultrastructure of sub-cellular processes within neuronal

networks in normal and disease conditions.



Zusammenfassung

Viele neurologische Erkrankungen sind mit morphologischen Veranderungen von
Gehirnstrukturen verbunden. Die dreidimensionale Visualisierung kontinuierlicher Volumina
von nicht spezifisch angefarbtem Hirngewebe Gber mehrere Grossenskalen ist wichtig, um

Einblicke in pathologisch relevante Prozesse dieser Erkrankungen zu erhalten.

Pathologische Prozesse bei neurodegenerativen Erkrankungen betreffen oft myelinisierte
Axone, welche zentrale Bestandteile der neuronalen Schaltkreise sind. Die ptychographische
Rontgen-Computertomographie bei cryo-Temperaturen (cryo-ptychographic X-ray computed
tomography, cryo-PXCT) im Energiebereich von mehreren keV ist ein neuartiges und
vielversprechendes bildgebendes Verfahren, welches Phasenkontrast-Information bei hoher
Empfindlichkeit liefert. Es ermoglicht eine markierungs- und zerstorungsfreie
dreidimensionale Abbildung relativ grofRer kontinuierlicher Proben-Volumina, z.B. von
Gewebeproben. Der erste Teil dieser Arbeit beschreibt eine Pipeline fir cryo-PXCT von
hydratisiertem und nicht angefarbtem biologischem menschlichem Gehirngewebe, in
Kombination mit komplementidaren Methoden. Vier Proben aus an Parkinson erkranktem
menschlichem Gehirn und flinf Kontrollproben eines gesunden Gehirns wurden mittels cryo-
PXCT abgebildet. In beiden Fallen konnten Gehirn-spezifische Merkmale identifiziert werden,
wie Neuromelanin-haltige Neuronen, Lipid- und Melaninpigmente, Blutgefdfe und rote
Blutkérperchen sowie Zellkerne anderer Gehirnzellen. In den Proben von Erkrankten wurden
mehrere Schwellungen beobachtet, die dichtes, korniges Material enthielten. Diese
erschienen als gruppierte Vesikel zwischen den Myelinhillen, die vermutlich eher aus dem
Zytoplasma der urspriinglichen Oligodendrozyten stammten als aus dem Axoplasma. Die
pathologische Relevanz dieser gequollenen Axone in benachbarten Gewebeschnitten wurde
fiir die Immunfluoreszenzmikroskopie von phosphoryliertem Alpha-Synuclein in Kombination
mit multispektraler Bildgebung weiter untersucht. Da cryo-PXCT zerstérungsfrei ist, konnten
die Bild-Daten der grossen Probenvolumina verwendet werden, um die geschwollenen Axone
durch anschliessende Immunogold-Markierung und die korrelative Elektronenmikroskopie zu
lokalisieren. Dieses Verfahren wurde hier erstmals erfolgreich angewendet.
Interessanterweise blieben die Protein-Antigenitdt und die Ultrastruktur des Gewebes nach
der Rontgenmessung erhalten. Da viele pathologische Prozesse bei der Neurodegeneration

myelinisierte Axone betreffen, bildet diese Arbeit eine wegweisende Grundlage fiir zukiinftige



Studien, die sich mit der Integritat der Axone und krankheitsbedingten Veranderungen in nicht

angefarbten Hirngeweben befassen.

Die extreme Komplexitdat des menschlichen Gehirns verhindert die genaue Analyse
bestimmter Komponenten neuronaler Netzwerke, beispielsweise der Interaktionen einzelner
Neuronen in bestimmten Schaltkreisen. Der zweite Teil dieser Arbeit berichtet Uber die
Entwicklung einer neuartigen in Kompartimente unterteilten Plattform fiir Co-Kulturen von
Nervenzellen, welche die Simulation von Teilen neuronaler Netzwerke unter Kontrolle
mehrerer Variablen ermoglicht. Auf Saphirsubstraten wurden Polymermikrostrukturen
hergestellt, die das Wachstum von Neuriten leiten kénnen. Diese stammen zum Beispiel von
zwei unterschiedlichen Gruppen von Neuronen, die in den verschiedenen Kompartimenten
auf dem Saphir-Trager wachsen. Dies wurde unter Verwendung von zwei Populationen von
Neuronen demonstriert, welche entweder EGFP oder mCherry exprimieren, ein Ansatz, der
auch die Analyse der spezifischen Wechselwirkungen zwischen zwei Populationen von Zellen
vereinfachen wird. Das Design der Substrate ermoglicht die direkte Beobachtung neuronaler
Prozesse innerhalb von Mikrokanalen durch optische Mikroskopie mit hoher raumlicher und
zeitlicher Auflésung, um die Reaktion von Neuriten-Ausldufern auf externe Signale zu
untersuchen. Darlber hinaus ist die Zellkulturplattform mit Hochdruckgefrierprozessen
kompatibel. Dies erméglicht die Cryo-Konservierung rekonstruierter neuronaler Netzwerke in
einem nahezu urspringlichen Zustand, und die weitere Bearbeitung der Proben fiir die
hochauflésende Analyse mittels Elektronenmikroskopie. Nach einer Gefriersubstitution ist es
moglich, die in Harz eingebetteten neuronalen Netzwerke mit herkdmmlichen Methoden fir
die Untersuchung der Ultrastruktur mittels Elektronenmikroskopie zu verarbeiten. Mehrere
Schliisselmerkmale der eingebetteten neuronalen Netzwerke, einschlieBlich Mitochondrien,
synaptischer Vesikel, axonaler Terminals und Mikrotubuli mit gut erhaltenen Ultrastrukturen
konnten mit hoher Auflosung abgebildet werden. Zum einen erfolgte dies mittels
sequenziellem Abtrag mit einem fokussierten lonenstrahl und anschliessender
Rasterelektronenmikroskopie (FIB-SEM), und zum anderen durch serielles Schneiden mittels
Ultra-Mikrotom und anschliessende Transmissionselektronenmikroskopie (TEM). Diese
Ergebnisse demonstrieren die Kompatibilitat der Plattform mit der optischen Mikroskopie wie
auch mit der Elektronenmikroskopie. Fiir kiinftige Studien kdnnte die vorgestellte Plattform

fir die Untersuchung von Krankheitsmodellen erweitert werden. Dies wiirde die
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Untersuchung neurodegenerativer Prozesse im Nanobereich sowie pharmakologische Tests

und Wirkstoff-Screenings ermoglichen.

Zusammenfassend kénnen die in dieser Arbeit beschriebenen Techniken als wesentliche
Instrumente zur Untersuchung der Ultrastruktur subzelluldrer Prozesse in neuronalen

Netzwerken unter normalen und Krankheitsbedingungen angesehen werden.
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Abbreviations

AD Alzheimer’s disease

ALS amyotrophic lateral sclerosis

asyn alpha-synuclein

cryo-PXCT Cryo-ptychographic X-ray computed tomography
DMA Dystrophic myelinated axon

FIB-SEM Focused lon Beam — Scanning Electron Microscopy
HD Huntington’s disease

MC methylcellulose

MSA multiple systems atrophy

OMNY tOMography Nano crYo

PD Parkinson’s diseased

SEM Scanning Electron Microscopy

SNc substantia nigra pars compacta

SNpc substantia nigra pars compacta

SWiA swollen in axoplasm

SWiM swollen in myelin

TEM Transmission electron microscopy

UA uranyl acetate

PDMS Polydimethylsiloxane
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General Introduction

Chapter1  General Introduction

“The brain is the last and grandest biological frontier, the most complex thing we have
yet discovered in our universe. It contains hundreds of billions of cells interlinked through
trillions of connections. The brain boggles the mind.” — James D. Watson, Nobel Laureate and

co-discoverer of the structure of DNA.

The human brain is the largest brain relative to body size of all among primates and mammals
in general. It contains approximately 100 billion neurons and 10- to 50-fold more glial cells?.
Multi-scale visualization of the hierarchical organization of human brain is highly desired in
neuroscience. The micro- and nanomorphology of the neuronal network is tightly linked with
the brain’s functionality, from the macroscopic level, i.e., specialized populations of neurons,
to the nanoscopic level, i.e., synaptic connections between individual neurons (Figure 1.1).
Large-scale, label-free 3D imaging at nanoscale resolution of near-native state tissues can

reveal new insights to such hierarchically organized neuronal structures.

The human brain consists of extremely complex neural circuits, wherein interconnected
neurons are organized to perform distinct functions (Figure 1.2). Neurons communicate via
their extensions known as neurites (dendrites or axons). Dendrites are cytoplasmic extensions
of neurons which are designed to receive signals from other neurons. Dendrites extend
hundred micrometers from the soma and they usually branch extensively into tree-like
structures. In addition, they are also studded with small protrusion with various shapes, called
dendritic spines, along their length. Axons are long processes emerging from the soma and
are involved in transmitting signals to other cells. They are morphologically different from
dendrites and can be distinguished by their longer length, non-spiny, untapered and
unbranched (at the distal end only when they reach target) shape. Axons are often wrapped
in segments of lipid membrane sheaths known as myelin. Myelin sheaths are essentially

flattened portions of extensions of the cell membrane of oligodendrocytes in the central



General Introduction

Figure 1.1: Multiscale hierarchical organization of brain networks.

The scheme illustrates the complex organization of the human brain from the macroscopic to the
nanoscopic level. Neurons are organized into specialized populations, and their functions are
determined by their intrinsic properties and extrinsic connections. These brain areas are well-
connected with each other via dense neuronal networks and individual neurons communicate via
synaptic connections between them. The synapse dysfunction is the common pathological feature of

many neurological diseases. Scheme reprinted from Park and Friston, 2013

nervous system or Schwann cells in the peripheral nervous system (Figure 1.3). The high lipid
content of myelin sheaths encasing the axon serves to enhance conduction velocity3. The
compact myelin sheath increases the local resistance and enables saltatory conduction by
segregation of voltage-gated Na* channels at nodes of Ranvier (gaps between adjacent
sheaths where the axonal membrane are not wrapped and insulated by myelin) to allow action
potential propagation along myelinated fibers®. In addition, myelin also provides stabilizing
the long-term integrity of axon as well as metabolic support. Oligodendrocytes have been
found to supply lactate to adapt to neuronal energy demands through monocarboxylate

transporters at the adaxonal membrane of the myelin sheath and on axon®~’. Myelinated

2



General Introduction

axons are a critical part of the neuronal circuitry and constitute approximately 40% of the

human brainé.

® Basal gangalia
® Frontoparietal
* Ant/Mid cingulate
® MTL-limbic
© Orbitofrontal
© Prec-post cingulate
® Peri-sylvian
® Sensory-motor
@ Thalamus
Ventral fronto-temporal
® Ventral visual

Figure 1.2: Complex neural circuit networks in the human brain.

The scheme shows the large-scale functional organization. The different functional regions of the
brain are interconnected by dense neural circuit networks, which are represented by modules
(segregated functional subnetworks) and nodes (functional areas). The nodes’ sizes represent their

connectivity profile. Scheme reprinted from Menon, 2015°.

Neurites, especially myelinated axons, are a critical functional component of brain cells,
serving as highways of cross-communication. They relay physical cargo (neurotransmitters)
and electrical signals from one neuron to another. Pathologically related aggregation
processes within the axons can cause a localized swelling that interferes with normal
trafficking®?. Alzheimer’s disease, Parkinson’s disease, and multiple sclerosis are a few
examples of such diseases'*™*> in which the axonal integrity is affected. The ability to image
several axons and their inner contents at once is particularly advantageous when applied to
diseased and degenerative brain conditions in which neurites are pathologically involved or

affected. Capturing a wide and inclusive view of features in normal and dystrophic axons
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within the tissue can permit new insights to the axonal component of pathology in

neurodegenerative diseases, which is not well understood.
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Figure 1.3: Myelinated axons in a nervous system.

Myelin sheaths around axons in the peripheral nervous system (PNS) are formed by Schwann cells and
by oligodendrocytes in the central nervous system (CNS). Orange: axons, Purple: oligodendrocytes,

Blue: Schwann cells. Scheme reprinted from Salzer and Zalc, 2016,

Additionally, several human brain disorders, including neurodegeneration diseases such as
Alzheimer’s 1771°, Huntington’s 2°-23 and Parkinson’s diseases 2472, have also been attributed
to dysfunctions in neural circuitries. Progressive neuronal cell death is thought to be linked in
part to abnormal cell-cell communication between subpopulations of neurons in the brain,
seen as alterations in synaptic function as well as disrupted intracellular signaling. Particular
neuronal subpopulations and specific circuits exhibit selective vulnerability, such as the
corticostriatal circuit in Huntington’s disease and the nigrostriatal circuit in Parkinson’s
disease, and the entorhinal cortex and hippocampal CAl projection neuronsin Alzheimer’s
disease?’. Non-cell-autonomous and circuit-based mechanisms are important to consider in
pathogenesis. For example, the excitation of striatial medium-sized spiny neurons is controlled
by a combination of glutamatergic inputs from the neocortex and dopaminergic inputs from
the substantia nigra pars compacta?®?°. The cortical projections exhibit early hyperexcitation

in Huntington’s disease, and can lead to a toxic convergence of signals onto the striatal
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medium-sized spiny neurons, thereby enhancing their vulnerability to the effects of the

mutant Huntingtin protein®.

The extreme complexity of the brain prevents us from visualizing and monitoring individual
neurites or the interactions and communication between specific neurons in vivo. For
example, it is estimated that each substantia nigra pars compacta (SNc) dopaminergic neuron
gives rise to 100.000-250.000 synapses at the level of the striatum3!. Therefore, artificial cell
culture systems that can recapitulate central parts of such circuits may mimic a more
physiologically-relevant state, and thereby help serve as a platform towards better
understanding cellular processes and molecular mechanisms underlying such diseases,

towards ultimately developing better therapeutic approaches.

The research reported here focused on two distinct nanoscale imaging techniques to address
the above needs for neuroscience: (a) a 3-D imaging approach to investigate tissue samples
from different healthy and diseased brains and (b) a neuron co-culture platform to reconstruct
neuronal networks in vitro. The first approach involves application of cryo-PXCT to analyze
human brain samples (Parkinson’s diseased and control) and identify novel pathological
structures. Cryo-PXCT is a technique pioneered at Paul Scherrer Institut over the past ten
years. The method allows imaging of larger volumes (up to tens of um in size) at high
resolution otherwise only possible via destructive techniques. The imaging of such large
volumes allowed finding intra-axonal swellings at the nanometer scale in multiple regions of
the Parkinson’s diseased (PD) brain, which were not present in the control brain. These axonal
swellings occur mainly within the myelin sheaths, rather than in the cytosol of the axon itself.
This finding calls for a closer look at processes within the myelin sheath for PD, and to the
brain cells from which myelin arises (oligodendrocytes), rather than just the neuron itself.
Cryo-PXCT is a non-destructive method. This opens the possibility to characterize the same
samples again using cross-sectioning and electron microscopy after cryo-PXCT imaging, and
allows resolving previously defined regions of interest in the large volume at higher resolution.
This could be demonstrated in the present study. Additionally, it was demonstrated that the
cellular structures including nuclei and their membranes were not destroyed by the X-ray

measurement.



General Introduction

The other approach involves development of a compartmentalized platform for neurons co-
culture for ultrastructural imaging. Typically, compartmentalized neuronal culture platforms
consist of microfluidic devices that can be assembled on a variety of substrates for neuron
cultures, including silicon, glass, quartz, or polystyrene. The microfluidic devices are usually
fabricated by replication process with various designs using Polydimethylsiloxane (PDMS) to
meet specific needs for in vitro experimental approaches. The main components of
microfluidic devices are isolated chambers for separately co-culturing of different neuron
populations and microchannels to direct the growth of axons and dendrites (Figure 1.4). The
microchannel structures allow guiding neurites originated from different neuron groups to
grow further away from their soma and interact and establish synapse connections within the
channels. The platform developed here supports growth of neural cells and allows
reconstruction of neuronal circuit in vitro to simplify complex nervous system for further
studies. It is compatible with both visualizing individual neurites more clearly by light
microscopy and enabling for downstream electron microscopy. Moreover, it is possible to
pharmacologically manipulate neural cell cultures to develop neurological disease models in
the future for better understanding the disease conditions in a physiologically relevant state
at ultrastructural level and in order to potentially monitor and detect the diseases at an early

stage.

a) b)

neurons B

neurons A

Figure 1.4: A typical compartmentalized neuronal culture platform.

(a) PDMS microfluidic device of separate chambers for isolated plating of different neuron groups. The
two compartments are connected through microchannel structures. (b) Microfluidic device assembled
on a compatible substrate for neuron cultures. Neurons A and B attach and grow on separated areas
and project neurites to microchannels to form synapse connections. The cell culture media is shown

in black for visualization. Scheme reprinted from Taylor, 2010°2.
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The developed imaging techniques as well as the neuronal culture platform will serve as useful
tools to overcome major limitations in the neuroscience to study different aspects of nervous
system, extending from fundamental understanding of neurobiology to more complicated

biological processes in neurological diseases.
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Abnormalities in Axonal Architecture of Frozen-Hydrated Human Brain using Label-Free X-Ray Nanotomography Imaging

Chapter 2 Abnormalities in Axonal Architecture
of Frozen-Hydrated Human Brain using Label-

Free X-Ray Nanotomography Imaging

This chapter is based on a published paper in Frontiers in Neuroscience; Hung Tri
Tran, Esther H. R. Tsai, Amanda J. Lewis, Tim Moors, J. G. J. M. Bol, Iman Rostami, Ana Diaz,
Allert J. Jonker, Manuel Guizar-Sicairos, Joerg Raabe, Henning Stahlberg, Wilma D. J. van de

Berg, Mirko Holler, Sarah H. Shahmoradian, Front. Neurosci. 14, (2020)33.

2.1 Introduction

Parkinson’s disease (PD) is a complex neurodegenerative disease, in which the axonal
component of pathology is not well understood. While axonal pathology, including swollen
(dystrophic) axons and alterations in axonal transport, have been extensively noted in
Parkinson’s disease patients, animal and cell culture-based models, little is known beyond the
facts that they can appear physically swollen, have slower vesicular transport and contain
aggregated material including alpha-synuclein (aSyn), beta-synuclein, and gamma-
synuclein34*2, Correlative light and electron microscopy of Parkinson’s diseased human brain
tissue sections has recently shown such dystrophic axons, specifically Lewy neurites, to
contain vesicular structures, dysmorphic mitochondria and disrupted cytoskeletal elements
(Figure 2.1)*3. However, imaging several dystrophic axons and their contained ultrastructures

simultaneously is not efficient using electron microscopy alone.

Synchrotron-based X-ray micro-tomography is an imaging technique that can be used to map
neural circuits in brain tissue with reported resolutions of down to 1 um, using heavy-metal
staining such as silver nitrate for contrast enhancement and oftentimes plastic- or paraffin-
embedding for rigid preservation®**>. Phase contrast has also been used in propagation-based
X-ray imaging to obtain high-quality 3D images of myelinated axons®*. However, the resolution
in these techniques is insufficient for a detailed morphological characterization of axons. Lens-
based X-ray microscopy makes use of X-ray optics for magnification, as in holo-tomography,
for example*’. At the water window, i.e., at photon energies between 281 and 533 eV, carbon-

rich structures in biological tissue exhibit a high contrast compared to water. In this way,
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biological matter can be imaged in 3D at a resolution of about 30 nm, albeit with a depth

limited to a couple of micrometers*®4°,
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Figure 2.1: Electron microscopy reveals Lewy neurites in substantial nigra of PD human

brain contain vesicular structures and disrupted cytoskeletal elements.

Pink arrow heads: Tubulovesicular structures; Blue arrow heads: Filaments and disrupted cytoskeletal
elements; White asterisk: Clusters of vesicles. Scale bar: 1 um. Figure adapted from Shahmoradian,

2019%.

However, for imaging myelinated axons, volumes of several tens of micrometers are required
while preserving a high spatial resolution, for which harder X-rays with photon energies above
about 2 keV are necessary. Despite the difficulty to fabricate optimally efficient lenses for
hard X-rays, lens-based microscopy of neural tissue has been demonstrated®. Additionally,

propagation-based hard X-ray microscopy can be achieved by using a divergent beam to
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produce magnified images®*>? which allowed resolving myelinated axons within resin-

embedded nerves specimens®2°3,

In contrast, ptychographic X-ray computed tomography (PXCT) is a lens-less technique in
which spatial resolution is not limited by imaging optics. It currently allows reaching a
resolution down to about 15 nm in 3D>*>> on specimens that exhibit small features with
sufficient density contrast. PXCT is an imaging method that employs data collection modes,
where a sample is scanned at different positions and orientations through a confined coherent
X-ray beam (Figure 2.2). In PXCT coherent diffraction patterns in the far field are recorded in
a way that consecutive illuminated areas are partially overlapping. Applied iterative phase
retrieval algorithms converge in a robust way and can be used to reconstruct the complex-

valued transmissivity of the samples®. The phase images are aligned and combined>”>2 for 3D

tomographic reconstruction of the specimen.

Figure 2.2: tOMography Nano crYo (OMNY) instrument for cryo-PXCT.

(a) Image of OMNY instrument at the cSAXS beamline, PSI; the instrument is placed inside a 110 cm
diameter vacuum chamber, which allows minimizing X-ray scattering and absorption. The x-ray beam
is coming in from the right; the flight tube with the detector at the end is placed on the left. Image

reproduced from www.psi.ch/en/sls/csaxs/endstations. (b) Schematic representation of OMNY instru-

ment setup for tomography. The sample stages allow ptychographic measurements of samples at dif-
ferent rotation angles around the y-axis. CS: central stop; FZP: Fresnel zone plate; OSA: order-sorting
aperture; Ax, Ay: relative position of sample and optics, 8z: wobble angle of the sample stage. Scheme

reprinted from Holler, 2014,
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As density contrast is small in biological samples for hard X-rays, resolution has been typically
limited to the 100 nm range in both stained, resin-embedded and frozen- hydrated
specimens®®l, However, the sensitivity of PXCT is high enough to visualize ultrastructural
features in fully hydrated samples without requiring heavy metal staining for contrast
purposes, or destruction of material (ion beam milling, sectioning) for accessing tissue
depths®l. These are important factors for enabling multi-scale downstream processing in a
relatively minimally perturbed state. The OMNY instrument®? set up at the Swiss Light Source
at Paul Scherrer Institut allows cryo-PXCT measurements of biological samples in cryo-

conditions and under vacuum, forming a powerful label-free microscopy technique.

All of the resulting ultrastructural information from cryo-PXCT data can be correlated to
electron density, directly interpretable from the grayscale values of the tomographic data,
which can be, in turn, related to its local mass density using reasonable assumptions about
the stoichiometric composition®®. This is useful for attributing an identity to each
ultrastructural feature within the complex and crowded tissue landscape. Cryo-PXCT at
photon energies between about 6 and 8 keV has the ability to provide information across
relatively large volumes of unstained tissue, enabling the imaging of multiple cell bodies and
the tracking of morphological intracellular changes along the lengths of radiating structures

such as cellular extensions; in the case of brain tissue, along the length of neuronal processes.

Using cryo-PXCT, the visualization of tissue contents including myelinated axons at a
resolution in the 100 nm range is independent of pre-marking selected features using
pigment- based or fluorescent labels®3%. This enables a wide and inclusive view of numerous
features existing in the tissue, including normal and dystrophic axons, which are otherwise

easily missed or unintentionally excluded.

Cryo-PXCT enables the simultaneous visualization of several axons and the subtleties within
and throughout each axon that are easily missed unless visualizing a continuous length, i.e.,
across tens of microns, up to (100 um)3. Such subtleties include, but are not limited to,
disruptions or abnormalities within the myelin sheath wrappings at specific points along the

length of the axon, or abnormalities within the axon itself.

Beyond generating a 3D picture of multiple axons and brain cells to recognize pathologically

relevant features, cryo-PXCT allows for the tissue to remain intact at the nanoscale after
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imaging. This aspect opens up the unique possibility of downstream processing of selected
features of interest by higher resolution techniques such as electron microscopy, as also
shown here, or gaining biochemical information by different spectroscopic-based imaging
approaches, such as Fourier-transform infrared spectroscopy (FTIR), coherent anti-Stokes
Raman spectroscopy (CARS), and matrix-assisted laser desorption/ionization mass

spectroscopy imaging (MALDI-IMS).

Starting with several chemically fixed, hydrated tissue blocks from a postmortem Parkinson’s
diseased human brain and from a control/non-demented human brain, we processed and
imaged these by cryo-PXCT, followed by cryo-ultramicrotomy and cryo-immunogold labeling
and electron microscopy. We thus demonstrate a multi-scale imaging pipeline using cryo-PXCT
followed by immuno-electron microscopy, with a cross investigation of pathological features

of interest using fluorescence microscopy combined with multispectral imaging.

2.2 Methods

2.2.1 Human Postmortem Brain Tissue Samples

Post-mortem brain tissue samples from Donors A and B (Table 2.2) with clinical diagnosis PD
with dementia (PDD) and brain tissue samples from non-demented patients as controls
(Donors C-E, Table 2.2) were obtained from the Netherlands Brain Bank (NBB; Table 2.2) and
the Normal Aging Brain Collection (Dept. Anatomy and Neurosciences, VUmc), respectively.
Tissues were collected using a rapid autopsy protocol (NBB), which was performed by Dr.
Wilma D. J. van de Berg (Vrije Universiteit Amsterdam, Amsterdam, Netherlands). Brain tissues
from Donors B and D (Table 2.2) were used for cryo-PXCT and electron microscopy studies,
while tissues from all donors were used for optical microscopy studies. All protocols of the
Netherlands Brain Bank (NBB), Netherlands Institute for Neuroscience, Amsterdam (open
access; see text footnote 1), and of the Normal Aging Brain Collection (NABC), VU University
Medical Center, Amsterdam, were approved by the Medical Ethical Committee (METC), VU
University Medical Center, Amsterdam, the Netherlands. For brain samples and/or bio
samples obtained from the NBB, all material has been collected from donors for or from whom
a written informed consent for a brain autopsy and the use of the material and clinical
information for research purposes was obtained by the NBB. For brain samples obtained from

NABC, all material has been collected from donors for or from whom a written informed
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consent for an autopsy and the use of the material and clinical information for teaching and
research purposes was obtained by the department of Anatomy and Neurosciences, VUmc,
the Netherlands. For samples from both brain banks, detailed neuropathological and clinical
information was made available, in compliance with local ethical and legal guidelines, and all
protocols were approved by the local institutional review board. At autopsy, 0.5 cm-thick
adjacent brain slices of the SNpc were collected. Cubes of ~1-2 mm?3 of the ventral part of the
SNpc were dissected and fixed for 6 h in a mixture of 2% paraformaldehyde/2.5%
glutaraldehyde in 0.15 M cacodylate buffer with 2 mM calcium chloride, pH 7.4 and then
washed with PBS. The PD brain donor fulfilled the United Kingdom Parkinson’s Disease Society
Brain Bank (UK-PDSBB) clinical diagnostic criteria for PD®’. Neuropathological evaluation was
performed on 7 mm formalin-fixed paraffin-embedded sections collected from multiple brain
regions according to the guidelines of BrainNet Europe. As is routine for such brain donors,
staging of Alzheimer’s disease was evaluated according to the Braak criteria for NFTs®, CERAD
criteria adjusted for age and Thal criteria®. The presence and topographical distribution of
aSyn (monoclonal mouse antihuman-a-synuclein, clone KM51, Monosan) was rated according
to Braak’s staging scheme for aSyn’® and a modified version of McKeith’s staging system for

asyn (i.e., brainstem, limbic system, amygdalapredominant or neocortical’*.

2.2.2 Safety Considerations for Tissue Handling

All tools/surfaces coming in contact with the chemically fixed, postmortem human brain
tissues were sterilized with a mixture of 2% sodium dodecyl sulfate (SDS) and 1% acetic acid,
for sterilization against potential pathogenic agents’?. For delicate parts such as the fine

diamond tips of the Diatome™ knives, 50% ethanol — as recommended — was used.

2.2.3 Tissue Preparation for Cryo-PXCT Imaging

Tissues were prepared as previously described for mouse brain®® with some alterations
regarding the final trimmed sample shape. The fixed tissue was sectioned using a Vibratome
into 60 mm thick slices, kept at 4C in glass scintillator vials with tight rubber seals in 0.15M
cacodylate buffer. PBS (without calcium or magnesium) can be substituted. Circular regions
were biopsy-punched out from the tissue in the neuromelanin-rich areas using a Harris Uni-
Core biopsy punch tool (diameter 1.20 mm) on a Harris Cutting Mat. Punched-out pieces were

placed in cryoprotectant (1.2M sucrose with 15% polyvinylpyrrolidone) in small plastic vials,
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rotating at 4C for 2-3 weeks. Prior to cryo-ultramicrotomy, tissue pieces were checked to
ensure that all sunk to the bottom of the tubes, indicating full penetration of cryoprotectant
to the tissue. Tissue pieces were kept in the tubes on ice while preparing the OMNY pins’3 in
a method as previously described®:. On the day of cryo-trimming, cryo-knives (Diatome™ 45°
diamond trim knife and 90° diamond trim knife) were loaded and the cryo-chamber was
cooled to -90C. OMNY pins were slightly shaved down to an appropriate height as previously
described. For dissection, pieces of biopsy-punched tissue were placed in droplets of cryo-
protectant on a black plastic block on ice; a black piece of paper glued to the other side of a
petri dish, on ice, could also be used. This black plastic block (Leica) is typically used for
mounting of pins for cryo-ultramicrotomy Tokuyasu technique. A Microfeather 30
ophthalmological scalpel was used to cut the pieces (in cryoprotectant) into four quadrants,
further cutinto 8 “pie pieces” in total. The sample was held in place using fine electronic-grade
tweezers during this cutting. The leg of one of the tweezers was used to position one “pie-
piece” of tissue onto the tip of a shaved OMNY pin ! positioned in a small aluminum cube
adaptor. Ethanol (70%) was used to continuously clean the tweezers to prevent
hardening/sticking due to the cryoprotectant. A clean 200 ml pipette tip was used to gently
position the piece of tissue straight and centered onto the OMNY pin. The pipette tip did not
stick as much to the tissue as the metal tweezers. The OMNY pin and adaptor was then placed
into the cryo-chamber at -90C and kept therein for 1 h. This is a “slow-freezing” technique
typical for cryo-immunogold electron microscopy’#’>. This procedure was repeated for
mounting all “pie pieces” of tissue from two biopsy-punched pieces of tissue, onto multiple
OMNY pins. The small aluminum cube adaptors, holding the OMNY pin on which each tissue
piece was previously “glued” using the extra cryoprotectant (liquid at room temperature, then
hardened while transferred and left in the cryo-ultramicrotome chamber at -90C), were then
firmly clamped into the standard clamping chuck of the Leica cryo-ultramicrotome for
subsequent trimming into a skyscraper-type shape of approximately 100 um in X-Y-Z
dimensions using a Trim 90° (Diatome™) diamond knife with a 90° cutting angle. Samples
were stored in liquid nitrogen until imaging by cryo-PXCT. Safety considerations were

performed according to section “Safety Considerations for Tissue Handling.”
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2.2.4 Cryo-PXCT Data Collection and Tomogram Reconstruction

Cryo-PXCT measurements were carried out at the cSAXS beamline at the Swiss Light Source,
Paul Scherrer Institut (PSI), Switzerland. The cryo-PXCT data was collected by Esther H. R. Tsai,
Ana Diaz, Manuel Guizar-Sicairos, Mirko Holler (PSI). Nine tomograms (four of Parkinson’s
diseased human brain and five of non-demented control human brain) were obtained under
cryogenic conditions (-180C) using OMNY®2. A general description of the experimental setup
is provided as follows. Samples were mounted on customized sample pins’? and imaged at a
photon energy of 6.2 keV, defined by a double crystal Si (111) monochromator. The
illumination on the sample was defined by the combination of a 50 um-diameter central stop,
a coherently illuminated 220 um-diameter Fresnel zone plate (FZP) with an outer-most zone
width of 60 nm, and a 30 um diameter order sorting aperture. The FZP was fabricated by the
Laboratory for Micro and Nanotechnology, Paul Scherrer Institut. The focal distance was 66
mm while the sample was placed 2.4 mm downstream the focus to give an illumination of
around 8 um in diameter on the sample. For each ptychographic projection, the scanning
followed a Fermat spiral pattern’® with an average step size of 2.6 micron. For each scanning
position, a diffraction pattern was collected 7.3 m downstream of the sample with an EIGER”’
detector and exposure time of 0.1 s. Projections were taken from 0 to 180 degrees. The field
of view and the number of projections for each tomogram are detailed in Table 1. Esther H. R.
Tsai (PSI) primarily completed all of the tomographic reconstructions. It were obtained
through the difference map algorithm?® followed by maximum likelihood algorithm?”® using
software PtychoShelves®. For each diffraction pattern an area of 500 by 500 pixels was used
for the reconstruction, giving an image pixel size of approximately 40 nm. 2D projections were
aligned >7°8 to generate 3D tomograms based on modified filtered back projection®’. The
grayscale in the tomograms correspond to absolute electron density®!. Image resolution was
estimated by FSC8. The number of photons incident on the sample for one projection fell in
the range of 2.5 x 106 to 4.5 x 106 photons/um?. X-ray doses exposed to the frozen brain
samples were estimated using absorption coefficients of water with attenuation length of 451
um and density 1,000 kg/m?3. Estimated resolutions and X-ray doses can be found for each
measurement in Table 2.1. Safety considerations were performed according to section “Safety

Considerations for Tissue Handling.”
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2.2.5 Immuno-Electron Microscopy After Cryo-PXCT Imaging

Tissue blocks corresponding to Tomo 5 (Control human brain) and Tomo 2 (Parkinson’s dis-
eased human brain) were selected for downstream cryo-ultramicrotomy and immunogold la-
beling followed by imaging by electron microscopy (Figure 2.12). Tissue blocks were mounted
into the cryo-ultramicrotome chamber and sectioned at -100C, typical for cryo-immunogold
labeling for electron microscopy’#7>. Sections of 70 nm thickness were created using a sec-
tioning speed of 0.2 mm/s with a Diatome™ “Cryo35” knife, without use of the static ionizer.
Sections were picked up from surface of the knife using a Diatome™ “Perfect Loop” with a
droplet of solution prepared by adding 2.3 M sucrose in phosphate buffer to 2% methylcellu-
lose in distilled water with a ratio 3:1, and transferred to the surface of a hexagonal 200-mesh
gold EM grid using a technique as previously described’. Calcium-magnesium-free PBS were
used to wash sections from both control human brain and Parkinson’s diseased human brain
tissue blocks to remove pick-up solution (three times for 2 min each). After washing, those
sections were inactivated free aldehyde group by incubating with 50 mM glycine in calcium-
/magnesium-free PBS for 15 min and were then blocked hydrophobic areas using AURION™
Blocking Solution for Goat antibody Gold Conjugated (product code 905.002) for 30 min. After
washing by calcium-/magnesium-free PBS buffer containing 0.1% AURION™ BSA-c (product
code 900.099), they were immunolabeled using the following primary antibodies: 1 mg/ml of
anti-VDAC1 (mitochondrial porin antibody, Abcam ab14734), 2 mg/ml of anti-LAMP1 antibody
(lysosomal marker, Abcam ab24170), 5 mg/ml of anti-alpha-synuclein (LB509, Abcam
ab27766), or 10 mg/ml of anti- phosphorylated alphasynuclein (5129, Abcam ab59264). Sec-
tions on each EM grid were subject to only 1 kind of antibody each (no multiple labeling).
Antibodies were diluted in a calcium-/magnesium-free PBS buffer containing 0.1% AURION™
BSA-c. Sections on the EM grids were incubated for 1 h at room temperature with the primary
antibodies. After primary antibody incubation, they were washed 6 times, 5 min each with
calcium-/magnesium-free PBS solution containing 0.1% AURION™ BSA-c. Secondary immuno-
golds (10 nm diameter, AURIONTM ImmunoGold reagents) were incubated for 90 min at room
temperature, then washed with calcium-/magnesium-free PBS containing 0.1% AURION™
BSA-c, followed by additional wash by calcium-/magnesium-free PBS. Afterward, sections on
grids were postfixed by 2% glutaraldehyde in calcium-/magnesium-free PBS for 5 min. To re-

move glutaraldehyde, grids were washed extensively with calcium-/magnesium-free PBS, then
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deionized/distilled water. Subsequently, grids were additionally contrast-enhanced using 4%
neutral uranyl acetate, which was prepared by mixing 4% uranyl acetate and 0.3M oxalic acid
and was adjusted to pH 7 by 25% ammonium hydroxide. A solution of 0.4% uranyl acetate in
2% methylcellulose was then used for further contrast-enhancement (on ice). EM grids were
then imaged at room temperature using an FEI T12 (Thermo Fisher Scientific, United States)
operated at 120 kV. Electron micrographs were recorded by Dr. Sarah Shahmoradian (PSI) and
Amanda J. Lewis (C-CINA University of Basel) on a 4096 x 4096 pixel F416 CMOS camera (TVIPS
GmbH, Germany). Safety considerations were performed according to section “Safety Consid-

erations for Tissue Handling.”

2.2.6 3D Color Segmentation and Statistical Analysis of Dystrophic
Myelinated Axons (DMAs)

Three-dimensional visualization and color segmentation was performed using commercial
software Avizo 9.2.0 (Thermo Scientific). The images were imported into Avizo software and
the threshold of the colormap was adjusted appropriately. The features of interest including
blood vessels, nuclei, red blood cells and myelinated axons were segmented semi-automati-
cally with the use of the “Brush” and “Interpolate” tools. The neuromelanincontaining orga-
nelles that appear as dark, dense globules could be segmented by “Threshold” tool. The mask-
ing value was adjusted until all neuromelanin-containing organelles were masked and identi-
fied precisely, then were selected and assigned by “Select Masked Material” tool for all slices.
Unexpected selected regions not corresponding to neuromelanin were deselected semiauto-
matically afterward by using “Brush” and “Interpolate” tools. After all structures were seg-
mented and registered to their appropriate materials (blood vessel, myelinated axon, etc.),
they were smoothed independently by locking other materials. Afterward, smoothed materi-
als were exported into individual data objects from the Labels dataset by the “Arithmetic”
function and surfaces were then generated for visualization. Myelinated axons, neuromelanin,
nuclei, red blood cells were visualized by the “Shaded” draw style while blood vessels and the
swollen part of the myelinated axons were visualized by “Transparent” draw style to reveal

their inside contents. This label separation process allowed us to visualize the surface of single
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material without disturbing others. Afterward, snapshots of 3D color-rendered surfaces and

movies were created for presentation.

2.3 Results

2.3.1 Cryo-PXCT Imaging

Cryo-PXCT using the OMNY instrument®? at the cSAXS beamline of the Swiss Light
Source was utilized to visualize five and four brain tissue samples, respectively (Table 2.1) from
a control, non-demented donor and a Parkinson’s diseased donor (Table 2.2, Donors B and D).
Cryo-PXCT was used to identify pathological-related abnormalities in postmortem brain tissue
from Parkinson’s diseased (PD) human patients, within roughly cubic volumes spanning ~(100
um)3 at a resolution ranging from 145 to 390 nm. The substantia nigra pars compacta (SNpc)
brain region was selected for dissection and imaging since this region typically contains the
most pathology and highest clinical relevance®. Samples were prepared according to a pre-
established protocol optimal for cryo-PXCT imaging of mouse brain tissue®!, with an improved
trimming procedure (Figure 2.3), which resulted in a skyscraper-type structure rather than a
pyramidal-type structure to enable more efficient imaging resulting in larger overall studied

volumes.

Four cryo-PXCT tomographic datasets were generated from four separate blocks of human
postmortem brain tissue from a PD brain donor (Table 2.1). As a control, five cryo-PXCT
tomographic datasets were generated from five separate blocks of human postmortem brain
tissue from a non-demented, age-matched control human brain donor (Table 2.1), three of

which are shown as virtual slices in Figure 2.3.
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Control Human Brain Parkinson’s Diseased Human Brain
Tomo 1 Tomo 2 Tomo 3 Tomo 4 Tomo 5 Tomo 1 Tomo 2 Tomo 3 Tomo 4
Data collection 33 28 19 35 34 37 31 62 42
(hours)
Volume imaged | 230,000 | 123,000 | 55,000 | 260,000 | 204,000 | 400,000 | 258,000 | 426,000 | 220,000
(um?)
Dimensions (X,Y) 150 120 110 110 140 160 112 150 120
(nm)
Depth (2) 30 25 20 50 30 35 50 50 40
(um)
Projections 750 850 850 700 600 800 640 1100 700
Estimated dose 9 9 9 7 4 15 11 19 12
(MGy)
3D resolution 255 215 145 240 245 280 270 250 190
estimation (2D) 380 | (2D) 390
(nm)

Table 2.1: Imaging parameters and characteristics of biological samples imaged by cryo-

PXCT using OMNY.

Table summarizes the volume imaged per tomogram, data collection time, dimensions in X-Y-Z of the

imaged region of the tissue block, projections used for tomographic reconstruction, estimated dose

(MGy), and estimated 3D resolution, for each of the samples. Tomo 5 (control human brain) and Tomo

4 (PD human brain), were selected for 3D color segmentation.

Donor Diagnosis Age at onset | Age at death Sex PMD Braak aSyn
(years) (years) (hrs:min) stage
A PDD 59 77 M 5:15 6
B PDD 75 90 F 4:45 6
C NDC - 85 F 6:25 0
D NDC - 92 M 7:45 0
E NDC - 89 F 13:00 0

Table 2.2: Clinical and pathological characteristics of brain donors.

PDD, PD with dementia; age-at-onset, age at clinical diagnosis of PD; NDC: non-demented control;

aSyn: a-synuclein; PMD: postmortem delay. Age at onset, age at clinical diagnosis of PD. Donors B and

D were used for cryo-PXCT and cryo immuno-electron microscopy. All donors were used for optical

microscopy studies.
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Figure 2.3: Human brain imaged by cryo-PXCT using OMNY.

Representative orthoslices are shown from an X-Y plane (top panels) and X-Z plane (bottom panels)
from three of the nine total human brain tomograms collected. Grayscale intensity values directly cor-
respond to mass density. Data shown corresponds to orthoslices from (a) Tomo 5, (b) Tomo 1, (c) Tomo

4 (Table 2.1). Scale bars: 10 um.

The grayscale in the tomograms is proportional to the absolute electron density of the
specimens. The thorough infiltration of cryoprotectant (sucrose), which have higher density
compared to the density of proteins and lipids provided good contrast to distinguish various
sub-cellular features in brain tissues. Particularly, neuromelanin-containing cells typical of the
substantia nigra region were clearly visible in the tomograms (Figure 2.3, white dotted lines),
as well as the cross-sections of myelinated axons (high contrast ellipsoid and circular
structures). Nuclei (Figure 2.3, yellow dotted lines) of these neuromelanin-containing cells,
and a smaller dense nucleolus (Figure 2.3a, white arrowhead), were also visible. Nuclei likely
corresponding to glial cells were observed as an elongated, irregular nucleus with
characteristic peripheral heterochromatin and heterochromatin net made of multiple fused
granules® (Figure 2.3, orange double-arrowhead), and dense, round nuclei typical of

oligodendrocytes®* were also visible (Figure 2.3, orange single-arrowheads).
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2.3.2 3-D Segmentation and Quantification

Segmentation is the process of dividing raw stacked images into different segmented features,
which can be represented in 3-D view. In this research, we used the commercial software
Avizo, which is a common software platform for 3D data visualization, processing, and
analysis. Tomogram #5 from control group and tomogram #4 from PD group were selected
for subsequent 3D color segmentation (Table 2.1). The grayscale in the tomograms was

inverted for easy correlation with downstream electron microscopy.

The most commonly used tools to correct the segmentation within each image slice were
“Brush” and “Interpolate” function of Avizo software. Since myelin has a very low density
compared to the surrounding tissue, which led to highly contrasted images, it was easy to
select by “Brush” tool with the assist of a pen and touchpad (Figure 2.4a,b). In addition, most
of the myelinated axons extended continuously through a long distance without sudden turns
or juts so “Interpolate” tool was used to reduce processing time. It was possible to skip a few
slices and select the same myelinated axon in the following slices until it changed shape,
direction or it developed side branches, then “Interpolate” function could fill in the slides
between the ones that were manually selected. Besides, myelinated axons extended in
multiple 3-D directions so it was easier and more precise to trace and segment them in
different planes (X-Y, X-Z, Y-Z). Similar procedure was applied to segment blood vessels, nuclei
and red blood cells inside blood vessels (Figure 2.4d,e,g,h,j,k). The nuclear boundaries of non-
neuromelanin-containing cells and neuromelanin-containing cells were distinguishable
because density in the nuclei was less than in the surrounding cytoplasm (Figure 2.4d,g).
However, the nuclear membranes themselves were not distinguishable because their
thickness was 20-40 nm, below cryo-PXCT resolution®!. The blood vessels had lower contrast
so the threshold of tomograms was adjusted continuously to recognize the difference of
density between two areas (inside blood vessels and surrounding tissue). Correction of
segmentation of the same blood vessels in all planes (X-Y, X-Z, Y-Z) together was also beneficial
to segment them precisely. The neuromelanin-containing organelles were segmented
differently since they are small (~500nm) and abundant so manual segmentation by “Brush”
and “Interpolate” tool was very time-consuming. Therefore, the lipid vesicle components of
neuromelanin-containing organelles, which had low density and appeared as highly

contrasted dark bodies (Figure 2.4m, inverted greyscale), were semi-automatically segmented
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by “Thresholding” tool (Figure 2.4n) (for details see Methods). As a result, the identity of
several cellular features in two datasets became more apparent by 3-D representation (Figure

2.5, 2.6).
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Selection of structures of interest by “Brush” and “Interpolate” tool 3-D Reconstruction

Myelinated axons

Nucleus of
neuromelanin-
containing cell

Nuclei of non-
neuromelanin-
containing cells

Blood vessels
and red blood
cells

Neuromelanin-
containing
organelles

Figure 2.4: Segmentation of cellular features in human brain tissue tomograms.

(a,d,g,j,m): The threshold of tomograms was adjusted to reveal cellular structures; (b,e,h,k,n): The

structures of interest were selected by “Brush” and “Interpolate” tool; (c,f,i,|,0): Reconstruction of cel-
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lular structures in 3-D. Black arrows: myelinated axons; Blue arrow: nucleus of neuromelanin-contain-
ing cells; Red arrow: nucleus of non-neuromelanin-containing cells; White arrow: blood vessel; Yellow
arrow: red blood cell; Black dotted-line: neuromelanin-containing organelles; Aqua = myelinated ax-
ons; Yellow (white arrowhead) = nucleus of neuromelanin-containing cell; Orange = nuclei of non-neu-
romelanin containing cells; Pink = neuromelanin-containing organelles; Red = blood vessels; Dark red

= blood cells within the blood vessels.

While features such as neuromelanin-containing cells, blood vessels, glial nuclei, and
myelinated axons could all similarly be segmented from both control and PD cryo-PXCT human
brain tomograms (Figures 2.5, 2.6), one feature that was uniquely observed in all four PD brain
datasets as compared to all five control brain datasets was the presence of swellings within
the myelinated axons (Figures 2.6b,d, purple segments within the aqua axons; Figure 2.7 and
Supplementary Figures 2.1, 2.2, yellow crosses) as compared to the rest of the axons (Figures
2.6b,d, aqua axons). These swellings were in close proximity to the neuromelanin-containing
cells (Figure 2.6e), which are majorly affected in PD. Different views of approximately ten of
these swellings, or dystrophic myelinated axons (DMAs) are shown at greater detail within
one of the PD brain tomograms (Figure 2.7 and Supplementary Figures 2.1, 2.2; yellow
crosses). The variability of the type of swelling is more apparent when the DMAs are visualized
in 3D color segmentations, eight of which are shown in Figure 2.8. For example, the inner part
of the axon, or axoplasm, can appear relatively “normal” and consistent in diameter along the
length of the axon (Figures 2.8) with the swelling occurring in the axoplasm itself (Figure 2.8a-
d) or in the layers comprising the myelin sheath of the axon (Figure 2.8e-g), or in both the

oligodendrocyte cytoplasm and underlying axoplasm (Figure 2.8h).
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Figure 2.5: Tissue components in 3D color-segmented cryo-PXCT datasets of non-

demented control human brain.

Single 2D orthoslices with inverted grayscale in the (a) X-Y plane and (c) X-Z plane, shown from the 3D
volume used for the corresponding color segmentation, displayed in the (b) X-Y plane, (d) X-Z plane,
and (e) tilted larger-scale view. Aqua = myelinated axons; Yellow (white arrowhead) = nucleus of neu-
romelanin-containing cell; Orange = nuclei of non-neuromelanin containing cells; Pink = neuromelanin-
containing organelles; Red = blood vessels; Dark red = blood cells within the blood vessels. Corresponds

to “Control human brain,” Tomo 5 (Table 2.1). Scale bars: 10 um.
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Figure 2.6: Tissue components in 3D color-segmented cryo-PXCT tomograms of PD human

brain.

Single 2D orthoslices with inverted grayscale in the (a) X-Y plane and (c) X-Z plane, shown from the 3D
volume used for the corresponding color segmentation, displayed in the (b) X-Y plane, (d) X-Z plane,
and (e) tilted larger-scale view. Aqua = myelinated axons; Purple = swellings along the axons (DMAs);
Orange = nuclei of non-neuromelanin-containing cells; Pink = neuromelanin-containing organelles; Red
= blood vessels; Dark red = blood cells within the blood vessels. Corresponds to “PD human brain,”
Tomo 4 (Table 2.1). Grayscale shown herein does not correspond directly to mass density as opposed

to Figure 2.3. Scale bars: 10 pm.
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View 1 View 2 View 3

Dystrophic Myelinated Axon 1 (DMA1)

Dystrophic Myelinated Axon 2 (DMA2)

Figure 2.7: Dystrophic myelinated axons (DMAs) by cryo-PXCT in PD human brain.

Single 2D orthoslices with inverted grayscale showing the appearance of two DMAs in different planes
(X-Z, X-Y, Y-Z) and different positions (Views 1, 2, 3) in the 3D tomogram. Yellow crosses indicate the
position of the DMA in the different views and planes. Several other DMAs are shown in Supplemen-
tary Figures 2.1, 2.2. Grayscale of all 2D cutaways shown herein correspond to electron density. Pink
arrowheads = neuromelanin-containing organelles of adjacent cell. a, b, c refer to the different co-

lumns corresponding to View 1, View 2, and View 3, for clarity sake. Scale bars: 10 pm
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Figure 2.8: 3D color representations of DMAs in Parkinson’s diseased human brain by cryo-
PXCT.

(a-d) DMAs in which the swellings (purple) occur in axoplasm, (e—h) DMAs with oligodendrocyte swol-
len in the myelin sheaths at a region along the length of the myelinated axon (aqua), (h) DMA with
visible swelling in both the oligodendrocyte cytoplasm (purple) and underlying axoplasm (aqua swel-
ling beneath the purple). Red = blood vessel; Dark red = blood cell; Orange = nuclei of non-neurome-

lanin containing cells; Pink = neuromelanin-containing organelles.

Two types of DMAs were identified and characterized by cryo-PXCT: one population we refer
to as SWIA (swollen in axoplasm) and another as SWiM (swollen in myelin). “In axoplasm”
refers to cytoskeletal part of the axon that is in direct continuation from the neuron (Figure
2.9b), whereas “in myelin cytoplasm” refers to the cytoplasm within the myelin sheaths
(Figure 2.9¢) corresponding to that of the parent oligodendrocyte rather than the neuron®.
Since the resolution of these reconstructed tomograms enables distinguishing the axoplasm
from the myelin sheath, especially when the myelin sheath appears to have partially
separated, we could detect dense granular cytoplasmic material comprising these DMAs that
appeared surprisingly often within the wrappings of the myelin sheath (Figure 2.7 “DMA1”,
Figures 2.8e—g, and Supplementary Figure 2.1 all excluding “DMA3”) of the parent
oligodendrocyte, hence the SWiM type, rather than simply within the axonal passage itself
(the SWIA type). This was counter-intuitive considering that the clogging of the axon was not
mainly occurring in the axonal passage itself, but rather in the exterior myelin sheaths
compromising the axon. Typically, axonal traffic jams associated with neurodegenerative
disease are generally attributed to material accumulating within the axonal passage

itself10.86.87 thereby resulting in a local swelling of the SWiA type, which we did observe albeit
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to a lesser extent (Figure 2.7 “DMA2” and Supplementary Figures 2.1 “DMA3"). Overall, 74%
(40) of DMAs were found to be the SWiM type (Figure 2.9c), corresponding to a swelling within
the cytoplasm of the actual myelin sheath, while 26% (14) of DMAs were found to correspond
to the SWIA type (Figure 2.9b), corresponding to the more intuitive case of a swelling within
the neuronal cytoplasm inside the axon itself (Figure 2.10). Quantification performed for each
of the four PD brain tomograms independently (Figures 2.10 b-e) also showed a similar theme
with the majority of DMAs corresponding to the SWiM rather than the SWIA type. To assess
the degree of swelling in each DMA, three groups of measurements were taken in all planes
(X-Y, Y-Z, X-Z) together for each DMA before, within, and after the swelling: (1) the axon
diameter, averaged across three positions on the axon preceding the swelling, (2) of the
maximum diameter of the axonal swelling, and (3) the axon diameter, averaged across three
positions on the axon following the swelling. A great variability was observed for each swelling,

ranging from ~3 to 11 um (Figure 2.11).
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Figure 2.9: Schematic model of different types of dystrophic myelinated axons (DMAs) as

observed by cryo-PXCT in Parkinson’s diseased human brain.

Overall appearance of the myelinated axon protruding from a neuron, and zoomed-in cross-section
of the myelinated axon (inset), is shown for each type: (a) neuron with a normal appearance of mye-
linated axon, in which the cytoplasm of the oligodendroglial cell is barely visible due to the typical tight
compaction of the myelin sheaths (beige); (b) neuron with swelling in the axon, in which the neuronal
cytoplasm within the axon is enlarged, referred to as “swelling in axoplasm” or SWiA; (c) neuron in
which cytoplasm within myelin sheath is expanded, referred to as “swelling in myelin sheath” or SWiM.
Oligodendroglial cells are not shown. Their extensions flatten out and wrap around the axon multiple
times, forming the myelinations that appear as “sausage”-like pieces (beige) from the overview. The

layers of myelin are apparent from the cross-sectional inset views.
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Figure 2.10: Type and abundance of DMA observed in cryo-PXCT tomograms of Parkinson’s

Il 26% 14 SWiC
BN 74% 40 SWiM

. W 24% 6 SWiC

o

diseased human brain.

DMAs were individually assessed and categorized as either SWiA type (swelling of neuronal cytoplasm)
or SWiM type (swelling of oligodendrocyte cytoplasm within the myelin). (a) Of all four cryo-PXCT
tomograms of PD human brain, 54 DMAs were identified, 40 (74%) corresponding to SWiM type, and
14 (26%) corresponding to SWiA type. Measurements for each individual tomogram correspond to (b)

Tomo 3, (c) Tomo 4, (d) Tomo 1, and (e) Tomo 2, all of PD human brain. Characteristics of each matching

tomogram are noted in Table 2.2.

W 76% 19 SWiM

. 17% 1SWiC
I 83% 5 SWiM
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Figure 2.11: Measurements of DMAs in cryo-PXCT tomograms of Parkinson’s diseased

human brain.

The diameter was measured at the widest point of the swelling of the DMA (indicated by “Max diam-
eter of swelling” in the center point of the X-axis of each graph), and averaged diameter across three
positions along the axon immediately preceding the swelling (indicated by “Before swelling” on the X-
axis of each graph), and averaged diameter across three positions along the axon immediately follow-
ing the swelling (indicated by “After swelling” on the X-axis of each graph). Measurements shown cor-
respond to (a) Tomo 4, (b) Tomo 3, (c) Tomo 2, and (d) Tomo 1, all of PD human brain. Characteristics

of each matching tomogram are noted in Table 2.2.
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2.3.3 Correlative Electron Microscopy

For imaging downstream target structures at higher resolution, one PD and one con-
trol tissue block after cryo-PXCT imaging were selected for subsequent cryo-ultramicrotomy
at -100C28. The grids containing cryosections were transferred and thawed at room tempera-
ture as routine for cryo-immunogold electron microscopy”>. Structures of interest were la-
beled by primary antibody followed by secondary immunogolds and contrast-stained by ura-
nyl acetate®, then imaged by transmission electron microscopy (TEM) at ambient tempera-
ture. This workflow is shown in Figure 2.12. After cryo-PXCT measurement, the tissue blocks
were intact and maintained at cryo-condition for downstream processing. Each tissue block
was schematically divided into three zones, and ultramicrotomed sections (70 nm thin) were
cut and collected onto TEM grids sequentially from top of the block to bottom of the block,
and immunolabeled accordingly. EM grids at low magnification showed the general shape and
position of the resulting ultrathin sections from control human brain (Figures 2.13a, 2.14a)
and PD human brain (Figures 2.15a,g). The integrity of the tissue was as expected for cryo-
immunogold labeling”#7> with the gaps and holes typical of the methodology when applied to

non-densely packed tissues with high water content like brain.

Neuromelanin-containing cells, of high clinical relevance in PD, were the most prominent and
easily identifiable features within the tissue sections (Figures 2.13-2.15), after using the cryo-
PXCT tomographic maps to navigate to the appropriate region in which these cells were orig-
inally found. By scrolling up and down through the corresponding cryo-PXCT reconstructed
tomogram, we could determine the appropriate region (top, middle, bottom; edge, center) of
the imaged cube in which the cells where located, which allowed to define the immunogold-
stained tissue section(s) that would be most relevant to subsequently image. One neuro-
melanin-containing cell (Figures 2.13b,c) from a non-immunogold stained tissue section (Fig-
ure 2.13a) from a non-demented control human brain donor is shown to display clear neuro-
melanin-containing organelles in which the lipid vesicle component is clearly preserved
amongst the typically dark, dense globules representing neuromelanin-containing orga-
nelles®® (Figures 2.13d,e, blue arrowheads). The dark appearance of the globules by electron
microscopy (Figures 2.13c—e) is attributable to the naturally high metal content of such struc-

tures, while the dark appearance typically observed by brightfield light microscopy is attribut-
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able to the fact that these are pigmented akin to melanin in skin tissue. Furthermore, mito-
chondria with clear cristae were also visible within the tissue sections, one of which is shown
enclosed within a clear axonal cross section (Figure 2.13f, white asterisk). The individual lipid
layers of myelin sheath that compose the axon are also clearly visible, as well as the membra-
nous profiles of vesicles (Figure 2.13f, orange arrowheads). In another neuromelanin-contain-
ing cell (Figure 2.14b) shown in a control human brain tissue section (Figure 2.14a) that was
immunogold-stained for a prominent mitochondrial porin antibody (VDAC1, Abcam ab14734),
the nucleus and nucleolus are clearly visible (Figures 2.14c,d); furthermore, the nuclear mem-
brane is also visible at higher magnification (Figure 2.14d, aqua arrowheads). Below the neu-
romelanin-containing cell (Figure 2.14e), several mitochondria were visualized, some of which
are shown in Figures 2.14f—j (white asterix). Immunogolds (Figures 2.14f—j, yellow arrow-
heads) are visible at the edges of the mitochondria, where the VDAC1 porin protein is ex-
pected to be localized, being an outer mitochondrial membrane protein. Specificity is demon-
strated by the lack of labeling in the tissue surrounding the mitochondria. This suggests that
some protein antigenicity is retained even after cryo-PXCT imaging. Interestingly, a pool of
synaptic vesicles (Figure 2.14j, orange arrowheads), synaptic cleft (aqua arrowheads), and a
mitochondrion (white asterix) visible in the postsynaptic zone, were also clearly visible. Sev-
eral neuromelanin-containing cells (Figures 2.15a,b,g,h) could be localized in the appropriate
EM tissue sections from the PD brain tissue samples, using the corresponding cryo-PXCT tomo-
grams as a guide. In one tissue section (Figure 2.15a) immunogold-stained for LB509 (Abcam
ab27766), an antibody that is routinely used to identify Lewy pathology as aSyn-immunoposi-
tive structures in PD, we observed that immunogolds localized to lamellar membranous struc-
tures (Figures 2.15e,f, yellow dotted lines) within the neuromelanin-containing organelles.
These immunogolds were not visible in the background, suggesting a specificity to these struc-
tures. Similar to the control human brain tissue section, the quality of the tissue post cryo-
PXCT imaging was sufficient to clearly resolve both the neuromelanin-containing organelles
(Figures 2.15b—f,i—|, black, dark-contrast features) and their typical corresponding lipidic ves-
icle component known as lipid bodies®® (Figures 2.15d,e,j, blue arrowheads). In another tissue
section (Figure 2.15g) immunogold-stained for p-aSyn (phospho $129, Abcam ab59264), we
found immunogolds (yellow arrowheads) localized to the edge of the lipid bodies. Our results
are in line with similar immunogold electron microscopy-based studies that show aSyn is lo-

calized in the neuromelanin®, similar to our result. Those researchers suggest that the process
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of neuromelanin synthesis that starts in the cytosol, may involve accumulation of aggregated

and b-structured proteins, including aSyn®°.

Detection

( Brain Tissue

MNY

Cryogenic imaging conditions (90 K)
Under vacuum

Tomogram reconstruction 3D Color segmentation

C v Transfer sections to EM grid

Post-imaging downstream processing

Brain tissue

Ultramicrotome chamber at -100 °C

Parafilm

\J Looping out of EM grid and drying prior to imaging by TEM

Figure 2.12: Simplified schematic workflow for tissue imaging by cryo-PXCT and downstream

post-processing.

(a) Mounted and trimmed brain tissue is imaged under cryogenic imaging conditions (-180 °C) under
vacuum in the OMNY®? stage. The sample is sequentially rotated and imaged towards generating and
reconstructing (b) a 3D volume, that can then be used for direct mass density measurements of fea-
tures contained therein, and 3D color segmentation. Following cryo-PXCT, (c) the sample can then be

re-mounted into the cryo-ultramicrotome chamber at -100 °C for trimming as is established for cryo-
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immunogold electron microscopy®, then the resulting ultrathin sections cut by the diamond knife are
transferred and thawed on an electron microscopy (EM) grid at ambient temperature, where they are
subsequently placed section-side downwards onto droplets with the appropriate primary antibody,
blocking buffer, secondary immunogold, etc., as previously described”®. (e) The sections on the EM
grid are finally “looped out” with a mixture of methylcellulose and uranyl acetate (MC/UA) and left to
dry, before removing the grid with the thin layer of MC/UA prior to imaging by transmission electron

microscopy (TEM).
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Figure 2.13: Electron microscopy of ultrathin tissue sections post cryo-PXCT imaging of non-

demented control human brain.

Sections were generated by cryo-ultramicrotomy of the tissue block of non-demented control human

brain (Tomo 5, Table 2.1) and contrast-enhanced using uranyl acetate, following cryo-PXCT imaging.
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Images show progressively zoomed-in views of a neuromelanin containing cell and other higher-reso-
lution cellular features. (a) Overview of the ultrathin tissue sections (pink dotted box) on the formvar-
carbon support film of a hexagonal EM grid. (b) One neuromelanin-containing cell (pink box) visible in
a section zoomed-in from panel (a). (c) Zoomed-in view of the same neuromelanin-containing cell as
shown in panel (b), (d) Zoomed-in view of the neuromelanin as shown in the pink box in panel (c), (e)
Neuromelanin granules (dark dense blobs) and typically associated lipid globules (blue arrowheads)
are visible at higher magnification and resolution, (f) A mitochondrion (white asterix) is visible within
the cross-section of a myelinated axon in which the individual membranes of the myelin are clearly
visible, as well as individual membranes of other vesicles and features within the tissue (orange arrow-

heads). Scale bars: (a) = 80 um; (b) = 30 um; (c) = 3 um; (d) = 2 um; (e,f) =200 nm.
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Figure 2.14: Immuno-electron microscopy of ultrathin tissue sections post cryo-PXCT

imaging of non-demented control human brain.

After cryo-PXCT imaging, sections were generated by cryo-ultramicrotomy of the tissue block of non-
demented control human brain (Tomo 5, Table 2.1) followed by immunogold labeling using anti-VDAC1
(mitochondrial membrane marker), standard uranyl acetate contrast enhancement, and electron mi-
croscopy. Images (a—c) show progressively zoomed-in views of a neuromelanin containing cell. (a)

Overview of the ultrathin tissue sections (pink dotted box) on the formvar-carbon support film of a
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hexagonal EM grid. (b) One neuromelanin-containing cell visible in a section zoomed-in from panel (a).
Neuromelanin granules are the dark dense globules. (c) Zoomed-in view of the nucleus [top pink box
in panel (b)] including the clearly visible nucleolus of the same neuromelanin-containing cell, (d)
Zoomed-in view of a part of the same nucleolus within the nucleus of the neuromelanin-containing
cell, in which the nuclear membrane (aqua arrowheads) is preserved and clearly visible. (e) Zoomed-in
view of the region as shown in the bottom pink box depicted in panel (b), directly underneath the
neuromelanin-containing cell, (f) three mitochondria (white asterix) zoomed-in from the top pink box
as shown in panel (e), with anti-VDAC1 (outer mitochondrial membrane marker) immunogolds (yellow
arrowheads) visible as expected on their periphery. (g) View of two of the same mitochondria as shown
in panel (f) in which more immunogolds (yellow arrowheads) can be visible at the top of the top-most
mitochondrion. (h) Zoomed-in view of the top-most mitochondrion (white asterix) as shown in panel
(g) where four immunogolds (yellow arrowheads) are visible. (i) Zoomed-in view of the bottom mito-
chondrion (white asterix) shown in panel (g) where one immunogold is visible. (j) Zoomed-in view of
the synaptic cleft as shown in the bottom-most pink box shown in panel (e), in which the membranes
of the synaptic cleft (aqua arrowheads) are visible, a mitochondrion (white asterix) with two immuno-
golds (yellow arrowheads) visible on the post-synaptic side, and clusters of synaptic vesicles (orange

arrowheads) visible on the presynaptic side.
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Figure 2.15: Immuno-electron microscopy of ultrathin tissue sections post cryo-PXCT

imaging of PD human brain.

Immuno-electron microscopy of ultrathin tissue sections post cryo-PXCT imaging of Parkinson’s dis-

eased human brain. After cryo-PXCT imaging, sections were generated by cryo-ultramicrotomy of the
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tissue block of Parkinson’s diseased human brain (Tomo 2, Table 2.1) followed by immunogold labeling,
standard uranyl acetate contrast enhancement, and electron microscopy. Images in panels (a—f) and
(g—I) correspond to different tissue sections: (a—f) immunogold-labeled using LB509 (anti-alpha synu-
clein), and (g—I) immunogold-labeled for p-aSyn (anti- phosphorylated alpha synuclein at S129). Images
show progressively zoomed-in views of a neuromelanin containing cell from each tissue section. (a)
Overview of the ultrathin tissue sections (pink dotted box) on the formvar-carbon support film of a
hexagonal EM grid, with neuromelanin-containing cells visible (pink solid boxes). (b) Zoomed-in view
of neuromelanin-containing cell shown in pink box (asterix) in panel (a), and progressively zoomed-in
view in panel (c) where lipid globules (pale gray globules) are clustered with neuromelanin granules
(darker globules) as typically expected. (d) Zoomed-in view within the neuromelanin-containing cell
where lipid globules are more clearly visible (blue arrowheads) and immunogolds (yellow arrowheads)
for LB509 (anti alpha-synuclein) are visible. (e) Zoomed-in view of the bottom-most pink box shown in
panel (d), and the (f) top-most pink box shown in panel (d), in which immunogolds for LB509 (anti
alpha-synuclein) are visible, both on lamellar multi-membranous structures. (g) Overview of the ul-
trathin tissue sections (pink dotted box) on the formvar-carbon support film of a hexagonal EM grid,
with neuromelanin-containing cells visible (pink solid boxes). (h) Zoomed-in view of neuromelanin-
containing cell shown in pink box (asterix) in panel (g), and progressively zoomed-in view in panel (i)
where lipid globules (pale gray globules) are clustered with neuromelanin granules (darker globules)
as typically expected. (j) Zoomed-in view within the neuromelanin-containing cell where membrane-
enclosed structures are visible (blue arrowheads) and immunogold (yellow arrowhead) is visible, (k)
zoomed-in view of the region in pink box shown in panel (j), where immunogold is visible at the edge
of a vesicle. (I) Another zoomed-in view of the neuromelanin-containing cell in which an immunogold
is visible on another lamellar multi-membranous structure (delimited by yellow dotted lines) and two

immunogolds are visible at the edge of a vesicle.
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2.4 Discussion

Our results using cryo-PXCT on unstained human brain tissue samples have revealed
that several key cellular components can be resolved at the nanoscale, including myelinated
axons, neuromelanin-containing cells and their nuclei, the nuclei of other brain cells such as
glia, red blood cells and blood vessels within the brain. We have demonstrated that resolution
is sufficient to visualize fine details including changes between the myelin sheaths of axons,
particularly clarifying the ultrastructural nature of swellings within axons in this case. Not only
can such structures be clearly visualized, but also with sufficient resolution (145-390 nm)
providing a level of detail that allows us to clarify whether these swellings are occurring within
the actual axon or within the myelin sheath composing the axon, suggestive of different
biological mechanisms. We have found that such swellings, or dystrophic myelinated axons
(DMAs), appear only within the PD human brain tissue samples as compared to the control
brain samples that we have imaged; in this case, in the SNpc brain region that is highly clinically

relevant to this disease.

We have also shown that the majority of these DMAs occur within the myelin sheaths (Figure
2.9, 2.10) corresponding to the cytoplasm of the parent oligodendrocyte, in contrast to the
expectation that they would occur within the main passage of the axon corresponding to the
neuronal cell itself. This suggests that processes in which the oligodendrocytes, or cells that
produce the myelin sheath, are involved in the pathology of PD. The number of reports on the
role of oligodendroglial cells in neurodegeneration has increased substantially over recent
years®’. In addition to their well-known role of producing myelin that mediates action
potential conduction and communication between neurons, oligodendrocytes also provide
trophic support for axonal and neuronal maintenance. Typically, oligodendrocytes are
implicated in diseases such as multiple systems atrophy (MSA), amyotrophic lateral sclerosis
(ALS), and more recently, Alzheimer’s disease (AD)°. Like PD, MSA is also mainly characterized
by the abnormal accumulation of aggregates of the aSyn protein, albeit predominantly in
oligodendrocytes rather than neurons®?. Interestingly, this phenomenon can go “both ways”:
aggregates of aSyn in PD are predominant in neurons, but can also be found in
oligodendrocytes®>=, This suggests that oligodendrocytes cannot totally be excluded from PD

pathogenesis, and our observations pointing in such a direction are not implausible.
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The pathological accumulation within the swellings in both oligodendrocyte cytoplasm and
axoplasm appeared very granular (Figure 2.7 and Supplementary Figures 2.1, 2.2). Indeed,
correlative light and electron microscopy and tomography, and parallel studies using multi-
labeling super resolution light microscopy, have recently shown a high lipid content and a
crowding of vesicular structures including lysosomes and autophagosomes within both Lewy
bodies and dystrophic axons corresponding to be Lewy neurites based on
immunohistochemical staining*®. Multiple studies have shown a potential link between
disturbances in myelin integrity/myelin breakdown and axonal damage as an early event in
the onset of neurodegenerative diseases including PD, AD, and Huntington’s disease (HD),
using magnetic resonance imaging (MRI)%®%7. Furthermore, the occurrence of heightened
tissue iron levels complexed with ferritin (produced in the brain mainly by oligodendrocytes)
in PD, AD, and HD?®%8% js known to increase the concentration of reactive oxygen species'®
that can initiate changes in the proteins’ tertiary structure, leading to aggregation that is
associated with neurodegeneration. High tissue iron is considered as a risk factor in

developing neurodegenerative disease, with oligodendrocytes playing a key role87:10%102,

Considering that myelin represents a vital factor for human brain connectivity, is profoundly
evolved in humans compared to non-human primates and other mammals, and progressively
declines in the aging human brain, oligodendrocyte dysfunction would logically contribute to
the vulnerability of the human brain in regard to neurodegenerative diseases. We have
demonstrated that cryo-PXCT is a useful tool to simultaneously visualize several axons in a
continuous volume, currently limited to ~(100 pum)3, without the addition of any stain,
allowing the detection of subtle changes in axonal ultrastructure and enabling us to distinguish
between types of swellings and furthermore the extent to which the axon is myelinated: thin
myelin sheaths which are more frequently associated with neurodegeneration, as compared
to thicker myelin sheaths which are more frequently associated with a healthier state03104,
While cryo-PXCT would hence be useful to investigate diseases in which neuronal,
oligodendrocytes and axonal degeneration are majorly implicated, our unexpected finding of
axonal swellings directly arising within the myelin sheaths originating from the parent
oligodendrocyte rather than within the axoplasm of the associated neuron from the human
postmortem PD brain, brings forth the question of whether other neurodegenerative diseases

displaying axonal swellings may also involve oligodendrocytes in a similar manner. Such an
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observation would have implications for disease pathogenesis and warrant closer

investigation using complementary techniques.

Recognizing and differentiating abnormal features within the axon as opposed to those within
the myelin sheath that encase the axon, is a crucial step toward pinpointing the underlying
physiological and pathological processes. For example, abnormalities within the axon rather
than the myelin sheath would implicate a cellular process that is specific to the parent neuron
from which the axon extends. Abnormalities within the myelin sheath itself would correspond
to pathologically relevant processes that are occurring within the parent oligodendrocyte cell
from which the myelin sheath is produced. More specifically, each individual wrapping of
myelin sheath around an axon protruding from a neuron, also contains its own cytoplasm that
belongs to the oligodendrocyte cell producing that myelin sheath!®. Since oligodendrocyte
cells are different in both composition and function as compared to neurons, abnormalities
arising in their cytoplasm are important to distinguish from abnormalities in the neuronal
cytoplasm, and would refer to a pathological process attributable to a different — either

separate or concerted — cellular mechanism?°®,

Furthermore, we have demonstrated for the first time that after cryo-PXCT imaging, protein
antigenicity is preserved, as demonstrated here by subsequent ultramicrotomy, immunogold
labeling, and correlative electron microscopy (Figures 2.13-2.15), revealing the ultrastructure
of cellular features including mitochondria, myelinated axons, synaptic clefts and the typical
associated protein densities, synaptic vesicles, neuromelanin-containing organelles, nuclear
membrane, nucleus and nucleolus, and various lipid vesicles. Our samples were fixed by gentle
fixatives and embedded in sucrose to enable the preservation of protein antigenicity so the
tissues’ architecture was unstable and easy to fall apart after several incubation/washing steps
of thawed ultrathin sections during staining process, which resulted in holes and gaps
observed by TEM (Figures 2.13-2.15). In addition, they are aged human brains and some
samples are aged diseased human brains so the gaps in the tissues are indeed from brain cells
that have already died away. This demonstration has important implications for investigations
which would greatly benefit from first generating a large map of complex, hierarchical multi-
component features — typical to the crowded environment of biological tissues — by using cryo-
PXCT, and subsequently imaging at higher resolution using correlative electron microscopy of

target structures localized in the cryo-PXCT tomograms.
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In general, X-ray ptychography has been shown to provide resolutions as high as 20 nm in 2D
projections of single biological cryo-preserved cells'%’. There is potential for increasing the
resolution in large tissue volumes such as the ones investigated here, as there are studies
supporting that biological tissue could withstand doses up to 1e9 Grays, which is about 2
orders of magnitude more than the dose deposited by PXCT in our work, while preserving
features at length scales well below 100 nm*%8, The development of diffraction-limited storage
rings1® and other improvements in instrumentation will allow to increase the coherent flux
required for these experiments and thereby the spatial resolution could be increased up to

the limit imposed by radiation damage within practical measurement times.

Moreover, high-pressure frozen biological samples, which are cryo-immobilized directly in
their native state without chemical fixation/sucrose infiltration/staining to better preserve
their ultrastructure can be also imaged by cryo-PXCT since the fundamental instrumentation
of OMNY would be exactly the same as used to image our chemically-fixed, sucrose-infiltrated
samples. However, the current sample carriers to high-pressure freeze biological samples are
not compatible with cryo-PXCT instrument. Theoretically, it should be possible that biological
samples are cryo-immobilized inside metal carriers'!® and then the frozen samples are
mounted onto the head of an OMNY pin for cryo-PXCT imaging. Even though it is possible to
trim frozen samples into small cubes for mounting inside the metal carriers directly by cryo-
ultramicrotome, it is still very challenging to handle and attach them to OMNY pin’s tip at cryo-
temperature. Future works can develop compatible sample carriers which enable either
simple transfer of frozen samples to an OMNY pin or direct imaging by cryo-PXCT after

trimming by cryo-ultramicrotome.

We have shown that cryo-PXCT is a useful tool for visualizing several features in both control
and diseased postmortem human brain tissue samples, and for facilitating detection of subtle
ultrastructural differences amongst structures that continuously span the examined tissue
volumes, especially axons in this case. Evidence suggests that changes to axonal ultrastructure
are considered as one of the early events in neurodegeneration, thereby justifying closer
nanoscale-based investigations. For example, the appearance of neurite swellings marks an
early event in neuritic degeneration in Parkinson’s diseased patient-derived neurons*, and
dystrophic axons and alterations in axonal transport induced by overexpression of mutant

alpha synuclein (p.A53T) in rats are known to precede neuronal loss?’.
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Although our cryo-PXCT study generated five datasets from a single control aged human brain
and four datasets restricted to a single age-matched PD brain donor, the unexpected finding
of expansions and aggregations in myelin sheaths corresponding to the cytoplasm of the
parent oligodendrocytes in the PD brain suggests a closer investigation of such processes in
PD and other neurodegenerative conditions. Our results also prove cryo-PXCT as an
appropriate tool for imaging such phenomena and related ultrastructural changes at the
nanoscale. More remains to be clarified on samples taken from more patients, how such
dense cytoplasmic aggregations arise within the parent oligodendrocytes, their specific
relation with the dominant pathological form of alpha synuclein (phosphorylated Ser-129)*1,
and why they occur at specific points along the axon. Investigating across PD brains of different
disease stages (Braak stages) and quantifying both the incidence and heterogeneity at the
nanoscale of such DMAs may also prove to be useful in uncovering new aspects of the disease
progression. Furthermore, our results warrant further investigations in other
neurodegenerative diseases in which oligodendrocytes and axonal abnormalities are primarily
involved, to yield a better understanding of subtle nanoscale changes that occur in different

disease states and stages.

2.5 Conclusion

Here we have shown for the first time that nanoscale label-free imaging of diseased
human brain tissues using hard X-rays can visualize several ultrastructural features and
provide insight to pathologically relevant processes spanning continuous volumes. Our
successful demonstration of downstream electron microscopy, and immunogold labeling for
electron microscopy, post cryo-PXCT imaging on human brain tissue is anticipated to finally
open the doors for clarifying the identity and ultrastructure of nanoscale biological features
in large volume X-ray tomographic data. While the imaging rate of cryo-PXCT is currently
comparable to destructive methods, with synchrotron upgrades occurring worldwide
according to the multi-bend achromat and additional beamline improvements we expect an
increase in coherent photon flux by up to four orders of magnitude, and thus a dramatic
increase in imaging rate and/or resolution®>. This will allow increasing the number of samples

studied for a wider investigation.
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Chapter3 A Compartmentalized Neuronal Cell-
Culture Platform Compatible with Cryo-Fixation
by High-pressure Freezing for Ultrastructural
Imaging

This chapter is based on a manuscript to be submitted to Frontiers in Neuroscience,
Neural Technology section; Hung Tri Tran, Sarah H. Shahmoradian, Takashi Ishikawa, Celestino

Padeste; in preparation.

3.1 Introduction

Studying individual neurites in defined neuronal circuits, and especially determining
how specific neurons interact within the complex nervous system remains a challenge. Since
human brains contain large numbers of neurons and interconnections, delimiting and
characterizing specific targets and their interactions is a major issue. Therefore, well-designed
cell culture models are needed to provide key insights while circumventing complex issues

associated with handling human brain tissue.

An often pursued approach towards modeling of neuronal circuitry in culture is
compartmentalization. Compartmentalized culturing systems, which are commonly created
using microfabrication technology and soft lithography, enable the physical isolation of
different cell populations as well as the sectioning of neuronal soma from neurites!'2. Various
advanced versions of such devices have been used for neurobiological studies of neuron cell
development and degeneration, thus capitalizing on the ease of fabrication, reproducibility

and cost effectiveness.

For example, a PDMS device with additional microfluidic local perfusion chambers was
fabricated to access synaptic regions with high spatial and temporal resolution3?'3, The
microfluidic local perfusion chamber provided a novel approach for local manipulation and
study of synapse connections between a “presynaptic” and a “postsynaptic” compartment by
diffusion of soluble substances. This unique design was also utilized to reconstruct
corticostriatal neuronal circuits in vitro, providing a microfluidic platform to investigate

molecular mechanisms that occur in neuronal circuits, to elucidate pathogenic mechanisms,
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and to identify potentially effective drug treatments 4115 Another example of a
compartmentalized microfluidic system for neurobiological cell culture utilizes asymmetric
microfluidic channels for unidirectional axonal guidance from a presynaptic sub-population to

a postsynaptic sub-population of the neurons to study predefined neuron connectivity in vitro

116-119

Such compartmentalized microfluidic devices are well-controlled systems compatible with
optical microscopy to enable investigation of cellular dynamics with subcellular resolution.
However, these devices are often not compatible with vitrification, or cryo-fixation (no
chemical fixatives), by means of high-pressure freezing!?® for optimal high-fidelity
ultrastructural imaging using approaches such as electron microscopy. Therefore, cellular
processes occurring at the nanoscale within such microfluidic devices cannot easily be
captured in a near-native state. Currently, cells grown in compartmentalized devices are
prepared by more traditional routes for electron microscopy; instead of cryo-fixation, they
undergo chemical fixation, subsequent staining using a cocktail of heavy metals to generate
high contrast, and dehydration procedures, prior to electron microscopic imaging. Such steps
are well-known to potentially introduce artifacts and structural or chemical changes inside
biological specimens, which is why cryo-fixation for freeze-substitution and electron
microscopy, or cryo-fixation followed by cryo-electron microscopy and tomography, are
beginning to take precedence as more high-fidelity approaches for addressing biological

questionst?,

Cryo-fixation by techniques such as plunge-freezing or high-pressure freezing has emerged in
recent decades as the best way to preserve biological samples for ultrastructural studies, i.e.
by electron microscopy'?¥~123, Cryo-fixation by high-pressure freezing enables the frozen-
hydrated preservation of molecules inside the sample within milliseconds by rapidly chilling
the sample to liquid nitrogen temperatures at extremely high pressure (2100 bar). Under
these circumstances, the ice nucleation and distortion of specimens during solidification by
freezing are minimized: intrinsically contained water turns into vitreous ice even in the
absence of cryo-protectants. This results in preserving the cellular architecture?* without
requiring the use of any chemical fixatives, hence capturing a near-native, physiologically-
relevant state. Since this type of freezing occurs on the order of milliseconds, highly dynamic

cellular events can be captured with high molecular fidelity.
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Plunge-freezing also is used to achieve vitreous ice, albeit for thinner samples (<100 nm;
typically restricted to macromolecular complexes in solution, or thin cell culture monolayers)
as compared to those for high-pressure freezing (up to 200 um thick samples, such as a wide
variety of cell culture or tissues)'?®. Primary neurons as well as other cell lines have been
grown directly atop electron microscopy (EM) grids, which can be plunge-frozen and examined
with cryo-electron tomography to study neuronal synapses in a nearly native state!?6-12°,
While these systems are useful, typically they utilize only one type of neuron, and further lack
any guidance or growth control in a compartmentalized fashion. Indeed, it is very challenging
to fabricate a guiding chemical pattern or structure atop EM grids due to size and sensitivity
constraints: EM grids are very delicate and relatively small (@ 3mm), often containing thin and
holey substrates (carbon, formvar) for cell culture compatibility that further complicate them
for conventional micro-patterning methods. Micro-contact printing is one approach that has
been applied successfully to fabricate protein patterns on EM grids to study the cellular
mechanism of dynamic actin cytoskeleton self-organization by electron tomography®3°.
However, after physical contact between the PDMS stamp and substrate to transfer the
protein pattern, the removal of grids from the stamp was shown to cause damage to the EM
grid surface integrity. Recently, a mask-less photo-patterning has been developed, which can
overcome this problem by eliminating physical contact between the stamp and delicate
substrate®3!, This method enables contactless fabrication of protein patterns on EM grids
using light-induced molecular adsorption?327134, Although this is an innovative approach to
create protein micro-patterns on EM grids for biological research, it still requires further
development to make it sufficiently suitable for neurobiological research, i.e. of

compartmentalized neural circuits.

Among different sample carrier systems for high-pressure freezing, sapphire discs are well
suited for cell culture including neuronal cell culture. They possess sufficient strength to
withstand the high pressure during fixation, have sufficient optical clarity for enabling
correlative light and electron microscopy studies, and can easily be coated for culturing
different types of cells including neurons. Dissociated primary neurons have been shown
previously to be cultured on sapphire discs for subsequent downstream processing by high-
pressure freezing, freeze substitution, sectioning and investigation by electron microscopy to

investigate subcellular compartments or organelles 13°. The possibility to capture neurons in
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their native state also provided snapshots of membrane dynamics at synapse junctions under
light stimulation with milliseconds temporal resolution 36, However, cryo-fixation methods
are not compatible with conventional cell culture set-ups using microfluidic chambers, and

there are only limited systems reported which are compatible with neuronal cell cultures.

In our work reported here, we developed a compartmentalized platform, which is uniquely
compatible with cryo-fixation by high-pressure freezing followed by freeze substitution to
reconstruct compartmentalized neuronal circuits in vitro for high fidelity ultrastructural
imaging of subcellular structures by methods including electron microscopy. The system
allows co-culturing of different populations of neural cells to mimic physiologically-relevant
neuronal pathways as they exist in the brain, such as corticostriatal or nigrostriatal, or to
establish artificial neuronal networks. We fabricated a PDMS device with an embedded
microstructured sapphire disc, which is designed in such a way to enable co-culturing of two
groups of primary neurons or other neuronal cell lines. The neuritic extensions from the
different groups of neurons placed in the two separate compartments are guided by a channel
array, which was lithographically fabricated in an SU-8 photoresist on the sapphire discs, and
further coated with a suitable neuronal attachment solution. The versatility of our device
makes it useful not only for the investigation of ultrastructural features of neuronal networks
but also for circuit-level studies of brain diseases and neurological disorders characterized by

network dysfunction.

3.2 Methods

3.2.1 Fabrication of microstructures on sapphire discs

Polymeric microstructures for neurite outgrowth guidance were lithographically fabricated on
6 mm sapphire discs (Leica Microsystems, Switzerland), which were cleaned with Piranha
solution (2:1 vol H2S04:H;03) at 90°C for 1 hr. The discs were then landmarked by carbon
evaporation (MED010, BalTec AG, Switzerland) through a finder grid mask (Leica
Microsystems, Switzerland) and baked at 190°C for 6 hrs. to stabilize carbon pattern. A 6 um
layer of SU-8 photoresist (SU-8 5, MicroChem Corporation, Newton, MA, USA) was spin-
coated on the sapphire discs at 500 rpm (200rpm/s acceleration) for 5 s and 2000 rpm for 40
s (500 rpm/s acceleration). It was soft baked at 65°C for 1 min, 95°C for 3 min and then exposed

at 365 nm wavelength at a dose of 100 mJ/cm? (Karl Suss, MJB3) using a chromium mask
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produced with standard e-beam lithography. Following a post expose bake at 65°C for 1 min
and 95°C for 1 min. The structures were developed in AZ® EBR Solvent (Microchemicals GmbH,
Germany) for 1 min and hard baked at 190°C for 30 min on a hot plate to further crosslink the
SU-8 photoresist. The profile of final structure was measured using a Veeco Dektak 8

profilometer.

3.2.2 Fabrication of the PDMS chamber

The device to enable co-culture of neurons in separate areas on sapphire discs (Figure 1)
consists of components which were fabricated in PDMS (Sylgard 184, Dow Corning) using a
mixture of silicone elastomer and its curing agent in a ratio of 10:1. Crosslinking was done at
80°C for 1 hr. A circular PDMS substrate (@ 30mm, thickness 3mm) was fabricated, using a
sapphire disc as a mold to create a cavity that fits perfectly to sapphire disc. It was then
punctured to create circular hole (@ 4mm) concentrically to the @ 6mm cavity to enable
neuron live-imaging on an inverted microscope. This substrate was placed manually on top of
a stainless steel plate (@ 35mm, thickness 0.2mm) with a circular hole (@ 4mm) in the center
prepared by laser cutting. The PDMS substrate and metal plate were manually aligned using
their @ 4mm holes. The patterned sapphire disc was placed into the @ 6mm cavity of circular
PDMS substrate. A PDMS ring (inner @ 15mm / outer @ 30mm, thickness 3mm) with a square
glass spacer (20mm x 7mm, thickness 160-190um) in the center to divide it into two separated
chambers was placed on top of the PDMS substrate containing patterned sapphire disc under
a stereo microscope, and the glass spacer was aligned to cover the parallel ridges of the
photoresist structure. The assembled device was oxygen plasma treated for 1 min and
sterilized by 70% ethanol. To promote attachment and growth of neurons 0.15 ml of 0.01%
Poly-L-lysine solution (Catalog # 3438-100-01, Trevigen, Gaithersburg, MD, USA) was added to
the chambers and incubated for 2 hr at room temperature (0.15ml/cm?). The device was then
washed 3 times with H,0, dried under the tissue culture hood and stored at 4°C until neuron
culture. Alternately, for PC12 differentiation experiments, the device was coated with collagen
type IV (C5533, Sigma-Aldrich) reconstituted in sterile 0.25% acetic acid. After sterilization by
EtOH, 600 pl of 0.023mg/ml collagen type IV solution was added to PDMS device and
incubated over night at 37°C. The coating solution was then removed and device was airdried,

and stored at 4°C until use.
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3.2.3 Cell cultures

Primary striatal neurons were dissociated from E18 rat embryo brain tissue (BrainBits LLC,
USA) and hippocampal neurons were dissociated from PO mouse pups (courtesty of E. Pecho-
Vrieseling, University of Basel, Switzerland). The dissociation was performed according to
detailed protocols from BrainBits LLC (www.brainbitsllc.com). The dissociated neurons were
seeded onto the samples at an optimized density (16.000 cells/cm? for embryonic
hippocampal neurons and 32.000 cells/cm? for postnatal hippocampal neurons) in NbAct1
media (BrainBits LLC, USA) and were grown for up to 21 days in a humidified cell culture

incubator with 5% CO, at 37°C.

PC12 cells were obtained from ATCC (Catalog # CRL-1721) and cultured in DMEM media
supplemented with 10% heat-inactivated horse serum, 5% fetal bovine serum and 1%
penicillin-streptomycin. Cells were cultured in poly-Il-lysine coated petri dishes (0.01%
solution, 0.15ml/cm?) and the culture medium was refreshed every three days. For
differentiation experiments, PC12 cells were harvested and transferred to a collagen coated
PDMS device in DMEM media supplemented with 1% heat-inactivated horse serum, 1%
penicillin-streptomycin and 100ng/ml NGF at cell density 1000 cells/cm?2. PC12 cells cultures

were maintained at 37°C, 5% CO, and the media was replaced every two days.

After cells were growing for a defined period of time, the PDMS device was disassembled and
sapphire disc was removed from PDMS substrate. Cells cultivated on the sapphire discs were
then fixed by standard chemical means or high pressure freezing for downstream

investigation.

3.2.4 Immunostaining

Neuron cultures were fixed on day 14 in a 4% paraformaldehyde diluted in filtered PBS
solution (pH 7.4) for 10 min at room temperature. After fixation, neurons were washed three
times, 5 min each with a permeation buffer containing 0.05% Triton X-100 and 1% bovine
serum albumin (BSA) in PBS. Then the fixed cells were incubated in Anti-DARPP32 primary
antibody (Abcam ab40801) diluted 1:200 in permeation buffer supplemented 3% normal goat
serum for 24 hours at 4C. After primary antibody incubation, the cell cultures were washed

three times, 5 min each with permeation buffer and were incubated in a secondary antibody
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solution (Alexa Fluor 488 anti-rabbit, Abcam ab150077 at 1:200 dilution) for 1 hr at room
temperature. The labelled neurons were fluorescently visualized in PSB solution on a confocal

microscope (Leica SP5) with a x20 objective.

3.2.5 Lentivirus production and transfection

HEK293T cells were plated at a density of 50% in DMEM media containing 10% fetal bovine
serum and 1% penicillin-streptomycin in 175 cm? cell culture flask 24 hr before transfection.
A mixture of 24 ug lentiviral transfer plasmid pLV-eGFP (#36083, Addgene, USA) or 24 pg pLV-
mCherry (#36084, Addgene, USA) with 8 pg each 3rd generation viral packaging vectors:
pMDLg/pRRE (Addgene plasmid # 12251) pRSV-Rev (Addgene plasmid # 12253) pVSV-G
(Addgene #138479) was prepared. The DNA mixture and PEl (branched polyethylenimine,
Sigma-Aldrich,1 mg/ml) were mixed at the ratio of 1:3 in a total volume of 2 ml of OptiMEM
media (Gibco) and incubated at room temperature for 10 min to form complex before

transfection. Then, the mixture was added to the cells to initiate the transfection.

The supernatant containing virus from transfected HEK293T was harvested at 48h and 72h
post transfection in a combined harvest where all the individual harvests were pooled. Each
harvested media was stored at 4°C between harvests. The viral supernatant was centrifuged
at 200g for 5 min at room temperature to pellet any cell debris that was collected during
harvesting. Then, it was filtered through a 0.45 um filter and concentrated by Polyethylene
Glycol (PEG) precipitation. The PEG solution was prepared by dissolving 85g PEG 6000, 17.5g
NaCl in 25 ml 10x PBS and 100 ml sterile water and stored at 4°C until use. The PEG solution
was added to filtered virus supernatant at ratio 1:3 and final PEG and NaCl concentration will
be 8.5% and 0.3M respectively. After gently mixing, it was stored overnight at 4°C. Next, the
mixture was centrifuged at 1600g for 1 hr at 4°C. After gently aspirating the liquid, the pellet
was resuspended in 1/250 of the original volume of cold PBS. The virus suspension was
aliquoted and stored at -20°C. For transduction of PC12 cells, concentrated virus suspension
was added to undifferentiated PC12 cells, which were growing poly-I-lysine coated petri
dishes. Two days after transduction, PC12 cells were harvested and transferred to a collagen

coated PDMS device for differentiation.

For transduction of primary neurons, following dissociation, the concentrated virus was

immediately added to neuron suspension in NbAct1 media (BrainBits LLC, USA) and incubated
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for 1.5 hr at 37°C, 5% CO.. After that, the cells suspension was centrifuged at 1100 rpm for 3
min to remove virus and cells pellet was resuspended in warm NbActl media (BrainBits LLC,
USA). The infected neurons were seeded onto PDMS device, grown for up to 21 days, and

imaged by confocal microscopy.

3.2.6 SEM imaging of neuron cultures

Neurons were chemically fixed by 4% paraformaldehyde diluted in filtered DPBS pH 7.4 for 10
min at room temperature. Cells were then rinsed 3 times with DPBS, 3 times with distilled
water. Dehydration was performed through a graded series of ethanol beginning with 25%
EtOH (1 x 5 min), followed by 50% EtOH (1 x 10 min), 75% EtOH (1 x 10 min), 95% EtOH (1 x 10
min), and 100% EtOH (3 x 10 min). The samples were then quickly transferred in 100% EtOH
to critical point dryer (EM CPD300, Leica Microsystems, Switzerland) for drying by liquid CO..
Neurons always remained immersed in liquid in between the washing steps and during
transfers to avoid any intermediate drying. After critical-point drying, the samples were
sputter coated with ultrathin gold layer (SPI-Module Sputter Coater, Structure Probe, Inc.,

USA) and imaged by Scanning Electron Microscopy (ZEISS NVision40).

3.2.7 High pressure freezing

Sapphire discs with growing neurons were mounted face-up into a plastic 6mm middle plate,
and a metal spacer ring (@ 6mm, 100 um thickness) was then placed on top. Before capping
the assembly with another bare sapphire disc to form a sandwich, a droplet of neuron culture
medium was added in order to protect the neurons in a small liquid chamber. The sandwich
was then simultaneously pressurized at high pressure (2100 bar) and frozen at liquid nitrogen
temperatures using a Leica EM ICE high pressure freezer (Leica Microsystems, Switzerland).

Frozen samples were stored in liquid nitrogen for downstream processing and imaging.

3.2.8 Freeze substitution

Neuronal cell cultures on sapphire discs were high pressure-frozen at PSI, then transported in
liquid nitrogen to ScopeM (ETH Zurich). Samples were subjected to freeze-substitution in ac-
etone, dried over molecular sieve and supplemented with 0.5 % uranyl acetate (Polysciences;
added from a 5 % stock solution in methanol) and 1 % osmium tetroxide (Polysciences). 5%

double distilled water was added to the FS-cocktail, to improve visibility of membranes %7,
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The samples were kept at -90 °C for 3 h, then warmed gradually to -20 °C at 5 °C/h, left at -
20 °C for 2 h, then warmed to 0 °C at 10 °C/h, and left 1 h at 0 °C, before bringing them to
room temperature and letting them adapt for 1 h. Then, samples were rinsed twice in dry
acetone, microwave-assisted (Pelco BioWave, Ted Pella Inc., California, US). For resin embed-
ding, the samples were infiltrated using 30 % Epon (Fluka Epoxy Embedding Kit) in dry acetone
twice, microwave-assisted, followed by two changes of 70 % Epon. Then samples were sub-
jected to three changes of 100% Epon for 1.5 h each, at RT on a shaker, before transferring
them into molds with fresh resin and polymerization for 3 days at 60 °C. After polymerization,
sapphire discs were detached by briefly dipping the warm resin block into liquid nitrogen,

leaving the cells embedded in the resin block.

3.2.9 Ultrastructural imaging

For FIB-SEM (NVision 40, Zeiss), the resin block was trimmed to approximately 5 mm height
and glued to a SEM-stub using silver conductive epoxy glue (CircuitWorks; Chemtronics,
Hoofddorp, The Netherlands) and allowed to dry for one day at room temperature. Identifi-
cation of a ROl and FIB-SEM imaging was performed as previously described in [2]. Briefly, by
increasing the acceleration voltage to 15 kV and thus increasing the interaction volume of the
electron beam with the sample, backscattered and secondary electrons could be detected se-
lectively within the resin block, revealing the cells stained with heavy metal salts for precise
positioning of the trench-milling. Milling a trench to expose the cells for imaging and imaging

conditions were applied as described 38,

For TEM, small series of ultrathin sections (50-60 nm thickness) were obtained with a diamond
knife (Diatome Ltd., Switzerland) on a Leica UC6 ultramicrotome (Leica Microsystems, Heer-
brugg, Switzerland), collected atop Formvar- and carbon-coated slot grids (Quantifoil,
GrolRlobichau, Germany), and subsequently stained with 2% aqueous uranyl acetate and Reyn-
old’s lead citrate for 30 seconds each. Stained sections were then visualized using a Morgagni
268 TEM at 100 kV (FEI Company, Eindhoven, The Netherlands). As the neuronal cells and their
neurites can cover an area of several hundreds of microns, overlapping images were collected
that follow neuritic processes at high magnification. These image series were stitched into one

large image using the TrakEM plugin of Fiji 13°.
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3.3 Results

3.3.1 Neuron co-culture system: Device concept and fabrication

The central piece of the device presented here consists of a 6mm sapphire disc with
a structure with parallel ridges, used to separate two co-cultured cell populations (Figure 3.1).
Sapphire discs were selected as the material of choice for a platform base due to their ex-
tremely high heat conductance withstanding the high-pressure freezing process and their op-
tical transparency required for the light microscopic characterization prior to freezing, i.e. cor-
relative light and electron microscopy!4%141. A finder grid consisting of a thin carbon layer was

|Il

deposited on the sapphire disc to generate a spatial “map” on the surface for localization of
regions of interest for downstream processes including correlation of structures by light mi-
croscopy to electron microscopy (Figure 3.1). SU-8 was chosen as material to fabricate the
structures due to its biocompatibility with neuronal cultures #2. Furthermore, SU-8 is a com-
monly used material for successfully producing structures with heights of 10-100 um, and with
high aspect ratios. The microstructures divide the center region of the sapphire discs into
smaller areas to enable visualization of individual neurites by optical microscopy. The length
of the microchannels was designed to increase the probability of capturing synaptic connec-
tions in the channels between ridges further downstream by electron microscopy. However,
it is very challenging to trace individual neurites from synapse to their respective neuronal cell
bodies in long channels because the imaging area of electron microscopy is limited as com-
pared to optical microscopy. Hence, the length of channels was set to 200um to balance those
requirements. The width of channels was minimized to increase the probability of neurites’
encounters to establish synapse connections between neurons. In addition, narrow channels

were utilized to prevent the neurons themselves (soma) from migrating into channels from

their respective separated compartments.

58



A Compartmentalized Neuronal Cell-Culture Platform Compatible with Cryo-Fixation by High-pressure Freezing for Ultrastructural Imaging

Carbon landmarks

T T T r—m———

A
A

Coating
[l Photoresist

Neuron A
Neuron B

;%»

/
I |
| \
! )

VIS

Side-view ,' it :

Figure 3.1: Schematic of the microstructured sapphire discs used as cell-growth substrates.

Parallel ridge structures are lithographically fabricated on sapphire discs using a biocompatible SU-8
negative tone resist. The structures are guiding neurites originating from neurons of two different pop-
ulations for neuronal circuits’ reconstruction. An evaporated carbon pattern serves as landmarks in

the downstream processing.

Photolithography onto 6mm sapphire discs is a major challenge, as all the processes from spin-
coating to photolithographic exposure are optimized for far larger substrates. Inhomogeneity
of the photoresist layer, due to the incompatibility of such small (6mm) sapphire discs with
the standard spin-coating process, prevents its close contact with the photomask during ex-
posure to UV light for crosslinking to ultimately achieve highly resolved microstructures.
Therefore, to improve the spin-coating process onto the 6 mm sapphire discs, the discs were
mounted into a cavity in the center of a circular sample holder (@ 15mm) made from PDMS
(Figure 3.2). These perfectly fitting cavities were prepared by placing similar sapphire discs in
the center of the molds used for PDMS. These “perfect-fit” cavities were prepared by placing
sapphire discs in the center of the molds used for PDMS. After mounting, a completely flat
surface with an optimally larger surface area (as compared to the small sapphire disc itself)
was hence created, which significantly facilitated the spin-coating process to achieve a thin
and homogenous layer. However, structure defects, e.g. residues of photoresist in the region
between ridges, have been encountered frequently (Figure 3.3). This is due to the so-called

edge bead formation after the baking process used to dry the thin photoresist layer (Figure
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3.4). To overcome thisissue, the edge beads of photoresist on top of 6mm sapphire discs were
removed manually using an acetone-dipped cotton swap (Figure 3.5). As the result, well-de-
fined parallel ridge structures with multiple designs could be fabricated successfully by stand-
ard photolithography on 6 mm sapphire discs (Figure 3.6a-e). The minimal distance between
ridges that were fabricated was ~10 um and structure heights of 5-6um were achieved, which
is more than the 3 um reported to be needed to prevent neurites crossing over them?*3 (Figure
3.6f). Patterned sapphire discs were coated with either poly-L-lysine or collagen to facilitate

the attachment and growth of neuronal cells, which are typical coatings36:44,

Figure 3.2: A sample holder to improve spin-coating process on the 6mm sapphire discs.

(a) Image of sapphire disc inside the PDMS sample holder. (b) Spin-coated SU-8 photoresist layer on
sapphire disc with support of PDMS sample holder.
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Figure 3.3: Defects of the structures.

The residue of photoresist exists in the region between ridges.

Edge beads

Figure 3.4: Formation of edge beads on the edge of sapphire disc after drying the photoresist
thin film.
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Figure 3.5: Removing edge beads manually by aceton-dipped cotton swap.

a) Procedure of manual removing edge beads atop spin-coated 6mm sapphire disc; b) Spin-coated

6mm sapphire disc after removing edge beads.

E

T —

X

Position (um)

Figure 3.6: Parallel ridges structures with multiple designs on sapphire discs.

(a) Length: 75 um, Width: 20 um, Spacing 10 um; (b) Length: 100 um, Width: 20 pm, Spacing 10 um;
(c) Length: 200 um, Width: 20 um, Spacing 10 um; (d) Length: 300 um, Width: 20 um, Spacing 10 um;
(e) Length: 400 um, Width: 20 um, Spacing 10 um; (f) Thickness of the microstructures, measured by

profilometer.
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In order to co-culture two distinct groups of neuronal cells onto the different compartmental-
ized regions of the patterned sapphire discs, we fabricated a circular PDMS substrate with a
cavity in the center to mount the patterned sapphire disc for integration into a larger device
(Figure 3.7). The patterned sapphire disc fit perfectly into the cavity, creating an even, flat
surface with an optimally larger surface area. Afterwards, a PDMS ring divided into two parts
by a glass spacer was aligned and attached onto the patterned sapphire disc for compart-
mentalized cell seedings (Figure 3.7). The glass spacer was aligned under a stereo-microscope
to cover the microstructures on sapphire disc in order to prevent attachment of the neurons
on the patterned area. This set-up enabled close contact between the PDMS chamber - in-
cluding glass spacer and PDMS substrate - to form a closed system, which prevented culture
media from leaking. The PDMS material underneath sapphire discs was removed by puncture
to enable direct observation of neurons atop the sapphire discs by inverted microscopy with-
out appreciable light scattering. Moreover, the PDMS circular substrate was fabricated with
minimal thickness to reduce the distance between the objective lens of the microscope and
the sapphire disc for high-resolution imaging. To stabilize this highly flexible PDMS substrate,
it was placed and aligned manually on top of a stainless steel ring. Usually, the bonding be-
tween PDMS parts and substrates is critical for making microfluidic devices. High bonding
strength is required to ensure leak-tight encapsulation; for instance, irreversible bonding is
achieved by activating the surfaces of both the PDMS species and the glass substrates with a
plasma treatment and bringing them into contact. However, this type of bonding introduces
limitations to internal accessibilities of the devices and inhibits later disassembly, which would
be required in the case of making such microfluidic-type compartmentalized devices for cell
culture purposes. Alternatively, PDMS substrates can be sealed reversibly to other flat sub-
strates by simply relying on hydrophobic interactions'1%14>146_ This concept was followed for
our devices, as the glass spacer is the only part that has close contact with the patterned sap-
phire disc; furthermore, it does not make any direct bond with photoresist structures. Fur-
thermore, easy disassembly is crucial for further downstream processing. No surface modifi-
cation of the PDMS substrate and the PDMS ring was done prior to assembly to avoid exces-

sively strong bonding.
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Figure 3.7: Schematic illustration of an assembled device allowing compartmentalized co-

culture of different cell populations.

The device includes two main components: a PDMS ring with a glass spacer to from two isolated
chambers for co-culture, and a PDMS base with a central hole holding patterned sapphire. The whole
system is placed on top of a stainless steel ring as a support. The assembled device is compatible with

light microscopes to enable correlative light-electron microscopy.

Following assembly, watertight chambers were formed due to adhesion by van der Waals
forces between the PDMS pieces due to the intrinsic hydrophobicity of PDMS material (Figure
3.8a). No culture media leak from the chambers was noted for up to 21 days in culture at 37°C,
5% CO,. Features of the assembly remained clearly visible by optical microscopy (Figure 3.8b).
The glass spacer was aligned precisely on top of the photoresist ridge structures and carbon
landmarks were visible by optical microscopy as well (Figure 3.8b). The design of this device
permits for simple disassembly, and the sapphire discs could be removed from the PDMS
chambers easily without damaging the reconstructed neurons and their neurites, for further

downstream processes.

The constructed neuronal networks were then subjected to a workflow of processes toward
ultrastructural imaging by electron microscopy: first, from cryo-fixation via high pressure
freezing, followed by freeze substitution and embedding in resin (Figure 3.9). The resin-em-
bedded cells were then in an optimal state for being subjected to multiple methods for ultra-
structural imaging, i.e. focused ion beam-milling scanning electron microscopy (FIB-SEM) or
physical sectioning by a diamond knife for high resolution imaging by transmission electron

microscopy (TEM). The same type of physical sectioning by diamond knife could also be easily
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utilized for serial block-face scanning electron microscopy (SBF-SEM), but was not demon-

strated in this specific study.

PDMS ring Glass spacer

Humid chamber with wet tissue

Figure 3.8: Pictures of an assembled PDMS device.

(a) Two groups of cells can be introduced introduced independently into chambers. The de-
vice is placed into a home-made humidity chamber with a wet tissue to maintain humidity. (b)
Image of the patterned sapphire disc inside the PDMS device recorded using an inverted mi-
croscope. The photoresist ridge structure, the glass spacer separating the two chambers as

well as the carbon landmarks were clearly visible.
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Figure 3.9: Experimental workflow for ultrastructural imaging.

Cryo-fixation of cells grown on the structured discs via high pressure freezing, followed by
freeze substitution is utilized to preserve cellular ultra-structures for downstream electron

microscope analysis.
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3.3.2 Cell culture

3.3.2.1 Culturing PC 12 cells

Rat pheochromocytoma cells PC12 are extensively used as models in neuroscience
research as they have the ability to exhibit typical neuronal features. In the presence of nerve
growth factor (NGF), they undergo neuronal differentiation to adopt the morphology and
functionality of neurons with long extensions'4’~14° (Figure 3.10). Before plating into the PDMS
device, PC12 cells were labeled with EGFP or mCherry using lentivirus infection in order to
enable visualization of potential interactions between two isolated sets of cells. This also fa-
cilitated the observation of the response of the neuritic projections of PC12 cells into the mi-
cropatterns of the sapphire discs. Labelled PC12 cells were plated into the separated cham-
bers of the PDMS devices, which had been coated with collagen type IV to promote cell at-
tachment and differentiation. During 14 days of differentiation with NGF supplement, the
cells were periodically characterized by optical microscopy to monitor the outgrowth of indi-
vidual neuritic processes. The design of device permits the direct observation of living cells on
the sapphire discs inside chambers without the need of disassembling the device. Clear obser-
vation of thin neuritic processes by inverted microscopy demonstrates the compatibility of
the PDMS device with live microscopic imaging (Figure 3.11). For more detailed analysis of the
outgrowth of projections, the patterned sapphire discs were then removed from PDMS and
imaged in a high-resolution microscope. The optical images in Figure 3.12 showed that the
PC12 cells were differentiated efficiently and displayed long neurites. Figure 3.12b-c clearly
demonstrates that the microstructures performed well in directing the neural outgrowth, as
multiple neurites were observed to follow patterns and grew in directions outward from each

of the two compartments along the ridges.
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Figure 3.10: Differentiation of PC12 cells on collagen coated sapphire disc.

(a) Undifferentiated PC12 cells growing on collagen type IV sapphire disc. (b) 14 DIV differen-
tiated PC12 cells growing on collagen type IV sapphire discs in the presence of nerve growth

factor (NGF).

Glass spacer

100 pm

Figure 3.11: Live imaging of 5 DIV differentiated PC12 growing on a structured and collagen

coated sapphire disc inside PDMS chamber.

5 DIV differentiated PC12 cells growing on patterned sapphire disc with long extensions. The

glass spacer which was aligned to cover microstructures is visible.
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Figure 3.12: Live imaging of differentiated PC12 cells growing on a structured sapphire disc

coated with collagen type IV.

(a) Projections from differentiated PC12 cells were guided to grow into channels between

ridges. (b) Zoomed-in red box in (a).

3.3.2.2 Culturing of postnatal hippocampal neurons

Hippocampal neurons were dissociated from postnatal mice hippocampi. Two groups of dis-
sociated neurons were incubated with lentivirus to fluorescently label them with either EGFP
or mCherry prior to cell seeding. Those labeled groups of neurons were introduced into sepa-
rated areas on the patterned sapphire discs in the PDMS devices. Hippocampal neurons ex-
hibited good viability at 21 DIV, confirming the biocompatibility of the SU-8 photoresist with
primary neuron cultures. The viability of neurons and the outgrowth of neurites on the pat-
terned sapphire discs were observed using an inverted microscope (Figure 3.13). As shown in
Figure 3.14, the intact neuronal networks with fine extending neurites are imaged at higher
resolution by confocal microscopy after disassembling them to investigate neurites in the mi-
crochannels. Labelled neurons that were expressing EGFP or mCherry grew inside the sepa-

rated compartments on the patterned sapphire disc. The majority of neurons in one chamber
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expressed mCherry whereas neurons in the other one expressed EGFP. The compartment-
specific expression of either EGFP or mCherry demonstrated the ability of our device to intro-
duce and maintain independent culturing of two sets of different cells in components sepa-
rated by the patterned microstructures on the patterned sapphire discs, and to permit the
investigation of the interactions between the two cell populations. It was observed that neu-
ritic processes extending from neuronal cell bodies followed along the micropatterned chan-
nels (Figure 3.14). The fluorescent signals facilitated the visualization of neuritic outgrowth
into these channels. Red or green neurites extending from either mCherry- or EGFP-labeled
neurons, respectively, were evident within the microchannels, and neurites that contacted
the inner walls of the micropatterned channels continued to grow parallel along the length of
that wall towards the neighboring compartment, rather than climb upwards and over the
ridges. It is likely that the limited flexibility of microtubules and actin filaments hindered the
significant bending of growth cones’ filopodia to change to a more perpendicular direction of
outgrowth®%%51 |n addition, the adhesion of the filopodia onto the substrate at the step might

be higher than on a flat surface due to higher contacting area. Therefore, the neurites prefer

to keep growing at the edge of the ridges.

Figure 3.13: Live imaging of 14 DIV postnatal hippocampal neurons growing on a structured

and Poly-L-Lysine coated sapphire disc inside PDMS chamber.

(a) 14 DIV neurons growing on patterned sapphire disc with extended neurites. The glass
spacer which was aligned to cover microstructures is visible. (b) Two groups of postnatal hip-
pocampal neurons labeled with m-Cherry and EGFP, respectively, which were growing in sep-

arated chambers.
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Figure 3.14: Live imaging of 21 DIV postnatal hippocampal neurons growing on a structured

and Poly-L-Lysine coated sapphire disc.

(a) Two sets of postnatal hippocampal neurons labeled with m-Cherry and EGFP, respectively,
which were growing in separated chambers. (b) Representative images of the neurites, which

were growing in channels.

3.3.2.3 Culturing of embryonic striatal neurons

Embryonic (E18) striatal neurons were obtained from E18 rat striatum and DARPP32+ neurons
were identified using a specific antibody*>? (Figure 3.15). Dissociated neurons were cultured
on Poly-L-Lysine coated patterned sapphire discs with optimized density (160 cells/mm?) and
observed by live imaging using an optical microscope at 14-DIV DIV to localize regions of in-
terest immediately prior to the cryo-fixation process by high-pressure freezing, to prepare
such samples for downstream electron microscopy. Neurons demonstrated good viability and
the neurites from different neurons were observed to successfully enter the microchannels
between ridges from both directions (Figure 3.16a). The individual channels, in which neurites

from opposite sides of microchannels established the contacts, were targeted for downstream
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analysis. The landmarks produced from evaporated carbon were stable and clearly visible af-
ter 14 days in culture. They were used to precisely identify regions of interest by optical mi-
croscopy for subsequent processing. Furthermore, we found that resist microstructures pro-
vided sufficient geometrical guidance cues to direct neuritic outgrowth from the striatal neu-
rons into the predefined patterns. None of the observed neurites crossed over the ridges of
the microchannels. This was confirmed in another set of experiments performed by Scanning
Electron Microscopy (SEM), which enabled imaging the neuronal networks at higher resolu-
tion than optical microscopy. In this case, the striatal neurons growing on the structured sap-
phire discs were chemically fixed, followed by dehydration by a series of ethanol concentra-
tions in distilled water, drying in a critical point drier and Au coating for SEM imaging. SEM
images in Figure 3.16b clearly showed that the neuritic extensions from the neurons grew only
within the channels. No visible neurites appeared crossing over, or on top, of the ridges of the
microchannels. This finding is consistent with previous reports that the ridges of structures

with heights over 3 um was sufficient to prevent neurite overcrossing#3.

Figure 3.15: 15 DIV striatal neurons growing on glass coverslips.

Striatal neurons were stained with Anti-DARPP32 antibody and visualized by Alexa Fluor 488

secondary antibody.
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Figure 3.16: 14 DIV embryonic striatal neurons which were growing on Poly-L-Lysine coated-

patterned sapphire disc.

(a) Live imaging showed neurites from neurons on both sides of the structure growing into
channels. (b) SEM images of the neurites, which were growing into channels. Crossing of neu-

rites over the ridge structures was not observed in any sample.
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3.3.3 Ultrastructural imaging

3.3.3.1 Focus lon Beam - Scanning Electron Microscopy (FIB-SEM)

After cryo-fixation via high pressure freezing, 14 DIV E18 striatal neurons were sub-
jected to a freeze substitution process using a substitution solution consisting of a cocktail of
heavy metals for staining (to enhance contrast for electron microscopy) followed by resin em-
bedding (for details see Methods). The resin blocks were then processed by Focused lon Beam
— Scanning Electron Microscopy (FIB-SEM) to investigate the ultrastructure of the embedded
neuronal networks. FIB-SEM is a commonly used method for 3D biological imaging developed
in the last decade 137155, Typically, the 3D FIB-SEM procedure utilizes a focused ion beam to
sequentially remove thin layers (a few nanometers thick) of either frozen-hydrated or resin-
embedded samples to expose a fresh surface for subsequent imaging by SEM. This enables
the 3D reconstruction of samples with nanoscale resolution, albeit relatively less than that

afforded by transmission electron microscopy (TEM).

As there is very little contrast between photoresist structures and the embedding resin, the
parallel-ridge structures of the microchannels are not directly visible in the SEM. However,
following freeze substitution and resin embedment, the carbon landmarks were found to be
transferred to the resin block and were clearly visible by SEM (Figure 3.17a). Furthermore, the
patterned regions were recognized easily by observing the neuritic outgrowths into the chan-
nels between the ridges (Figure 3.17b). Numerous neurites originated from opposite sides of
the microstructures and were clearly visible within the separating channels. Using the carbon
evaporated landmarks, the regions of interest selected earlier by optical microscopy were tar-
geted and processed by FIB, to reveal the embedded neurites within microchannels. The
freshly-milled surface was captured by SEM and the internal ultrastructure of multiple neu-
rites within the channels were clearly revealed (Figure 3.17c). The neurites were optimally
embedded within the resin block and located very proximally to the surface (within 70nm ~
300nm). The SEM images also showed various neurites entering a single channel and estab-
lishing close physical contacts. The excellent resolution provided by FIB-SEM is well suited to
study the ultrastructure of such embedded neuronal networks. However, the process time is
a limiting factor, as it takes approximately 1-2 weeks to investigate a single 200 um-long chan-

nel. Therefore, such a method appears more suitable to obtain high-resolution images for pre-
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targeted regions, rather than scanning or “fishing” generally for synaptic connections within a

long channel, for example.

N A

Figure 3.17: Ultrastructural analysis of resin-embedded embryonic striatal neurons by FIB-

SEM.

(a) SEM images of the surface of resin block. The carbon finder grid was transferred to the
resin and it was clearly detectable by SEM. (b) The neurites in the channels were targeted and
processed by FIB-SEM. (c) Cross-section of neurites in a channel laid open by FIB and imaged

by SEM.

3.3.3.2 Serial sectioning - Transmission Electron Microscopy (TEM)

The carbon landmarks, embedded microstructures and neuronal networks in resin blocks
were clearly visible by optical microscope to allow regions of interest selection for physical
sectioning by a diamond knife using an ultramicrotome to prepare ultrathin sections (50-60
nm thickness) for TEM imaging (Figure 3.18). The channels between the patterned ridges were
targeted for processing to reveal the ultrastructure of neurites within. Compared to FIB, such
ultramicrotome sectioning using a physical diamond knife enabled cutting along the length of
microstructures and a large area could be captured in a single section. Thus, substantially
larger imaging areas were possible to obtain, allowing us to visualize and track neurites within
the channels with relatively less processing time. However, it was challenging to capture the
neurites in these ultrathin sections because those were accumulated very near to the surface

of the resin block.

Standard slot-type electron microscopy grids were used to collect the ultrathin sections to
ultimately enable a larger viewing window by TEM imaging. Numerous neurites were ob-

served within a single channel (Figure 3.19a). TEM images revealed a perfectly-preserved ul-
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trastructure of the embedded neurites with high contrast. Colored boxes in Figure 3.19a rep-
resent areas that are zoomed-in to show a higher magnification in Figure 3.19b-e. At this mag-
nification, internal cellular structures including microtubules, synaptic vesicles, and mitochon-
dria are clearly visible. Axonal terminals are also recognizable based on their button-like shape
(white asterix in Figure 3.19c-e). Multiple physical contacts between neurites were observed

to be established in the channel area. However, no ultrastructural evidence of a synapse was

observed in this particular channel.

Figure 3.18: Light microscope of embedded neuronal networks in Epon resin block.

(a) Overview of resin block; (b) Zoomed-in red box in (a); (c) Region of interest in black box in
(a) was selected and trimmed by razor and ultramicrotome. Black arrows: photoresist micro-

structures. Blue arrows: carbon landmarks.
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Figure 3.19: Ultrastructural analysis of resin-embedded embryonic striatal neuron obtained

by serial sectioning — TEM.

(a) A set of TEM micrographs of neurites embedded in a single channel. (b-e) Enlarged images
of boxes outlined in (a) with corresponding colors. (yellow arrowhead) = mitochondria, (white

asterix) = axonal bouton, (red arrowhead) = synaptic vesicle, (blue arrowhead) = microtubule.
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3.4 Discussion

Here we describe a compartmentalized platform enabling ultrastructural imaging of
neuronal co-cultures, akin to those separated by channels in microfluidic devices to recreate
neuronal pathways and circuits. We demonstrate topographical structuring of sapphire discs
as a successful strategy to control cellular adhesion and growth. The fabrication of
micropatterned channels atop the sapphire discs by an adapted photolithography process
enables the selective guidance of neurites to the adjacent compartment housing
compartmentally distinct neurons, all of which can be cryogenically-fixed in a near-
physiological state in vitreous ice to preserve their structure for ultrastructural studies, while
avoiding the use of chemical fixatives and dehydration. We have shown that a variety of
neuronal-type cells can be grown and imaged successfully using our platform: differentiated
PC12 cells and both murine hippocampal neurons and striatal neurons. Our results set a solid
foundation for next steps in terms of culturing two distinct neuronal populations for re-
creating more complex neuronal pathways/circuits, such as the corticostriatal and
nigrostriatal pathway. For example, one compartment can be used for culturing cortical cells,
and the other compartment can be used for culturing striatal cells. We have successfully
demonstrated using our EGFP/mCherry studies that the two distinct neuronal populations do
not cross over the channel barrier, and only make contact via their extending neurites through
the micropatterned channels. This should open the door to more physiologically relevant
discoveries at the nanoscale level using such cryo-fixed, vitrified neuronal networks for high-

fidelity electron microscopy.

Since photolithography is a well-established patterning method that enables large-scale mass
production and high reproducibility, the current fabrication process could be feasibly scaled
up by means of designing a sample holder to allow parallel processing of multiple samples at
the same time. In future developments it would be useful to enhance the resolution of the
microstructures for reconstruction of neuronal networks. For instance, smaller microchannels
(2-3 um) are more effective in completely preventing the migration of the neurons themselves
into the channels, as well as limiting the number of neurites entering the channels. This
enables more clear and distinct tracing of individual neurites to their respective neuron as well
as the synaptic contacts downstream. More elaborate microstructures with higher resolution

could be utilized for creating unidirectional patterns for the investigation of predefined
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neuronal connectivity 16112 or the addition of extra chambers for local manipulation of
neuronal circuits 32113, Such advanced devices can bridge the gap between compartmentalized
microfluidic platforms and high fidelity ultrastructural imaging of cryogenically fixed, vitrified
neuronal specimens. Since the resolution of fabricated microstructures on sapphire discs is
mainly limited by the incompatibility of small samples with the standard photolithography
processes, other new procedures can be used to overcome this barrier. Specifically, resolution
can be increased using recent advanced mask-less lithography techniques, which allow
exposing the patterns directly onto the resist-covered surfaces and can enable the fabrication

of 2-D or 3-D microstructures with high resolution on small substrates 1°6-158,

An important feature of these developed devices is their compatibility with optical microscopy
as well as downstream electron microscopy, thereby enabling the correlative study of
neuronal networks. By optical microscopy, it is possible to monitor the live imaging of growing
cells on top of patterned sapphire discs and the outgrowth of neuronal processes into the
microchannels while the sapphire discs are still retained within the PDMS chambers. The
neurites present in the microchannels can be live-imaged distinguishably via the expression of
distinct fluorescent proteins, for example (Figure 3.14b). As a result, distinctly labelled
neurites originating from different groups of cells can be traced and analyzed to study specific
cell-cell communications as well as their responses to topological cues. The information
obtained from optical microscopy can be precisely correlated to the electron micrographs of
the same structures for interpretation of dynamic events and their ultrastructure at the

nanoscale.

We have cultured multiple neuronal cell lines, including primary striatal and hippocampal
neurons successfully on the platform for up to 3 weeks. All cell lines exhibit similar viability as
in control experiments on culture dishes, confirming the biocompatibility of our platform for
neuronal cell cultures. We also demonstrated the ability of microstructures in guiding the
distal projections from separately growing groups of neuronal cells to form physical contacts
(Figure 3.12, 3.14, 3.16). Although we have not proven the formation of synapses between
the neurons, we have shown that neurites make physical contact as shown in Figures 3.12,
3.17, 3.19 supporting the idea that such microstructures can be applied to image synapses.
Given the versatility of the device, future works will undoubtedly include neurons from

different brain regions cultured in the distinct compartments of our device, in order to study
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physiologically-relevant neuronal circuits to neurodevelopment and neurodegeneration, for
example. Moreover, each neuronal population could be independently manipulated using
pharmacological chemicals within its distinct compartment to develop disease progression
models for brain disease, which often selectively impair certain neurons and affected specific
neuronal circuits. For example, the neurotoxin 1-methyl-4-phenylpyridinium (MPP+), the
active metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, can be applied to one of
the two compartments of neurons to induce neuronal death as relevant to Parkinson’s
disease, for correlative biochemical and ultrastructural studies regarding the degeneration of
nigrostriatal dopaminergic neurons 161, Furthermore, the responses of neuronal cells to
pharmacological agents, such as neuroprotective agents, in the context of disease models can
also be investigated at the ultrastructural level in a near-native state to validate their

potentials in brain diseases’ treatment 161.161-163,

Following cryo-fixation in a vitreous, near native state via high pressure freezing and freeze
substitution, the subsequent resin-embedded neuronal networks are compatible with
multiple methods to study ultrastructure by electron microscopy. FIB-SEM and serial
sectioning-TEM were applied successfully to image the well-preserved ultrastructure of
neuronal networks at high resolution (Figure 3.17, 3.19). For future studies, the ultrathin
sections prepared by serial ultramicrotome sectioning can be combined with immunolabeling
to allow the localization of macromolecules at high resolution in the cellular context 647166,
Theoretically, another approach known as serial block-face scanning electron microscopy
(SBF-SEM) would enable the imaging and investigation of neurites inside the microchannels
with a relatively larger field of view as compared to FIB-SEM. Thus, it would allow for a more
efficient, wide-field view of imaging and investigation of neurites that grow inside the
microchannels. However, the large ratio of nonconductive embedding resin of our samples
caused charging problems during our attempt at SBF-SEM imaging. Future work that utilizes a
more conductive resin during the freeze-substitution process would theoretically eliminate
such charging artifacts that we had encountered, thereby improving the imaging by SBF-SEM
167-170 Fyrthermore, our system could be extended to different types of sample carriers for
high-pressure freezing, which would directly be compatible for cryo-ultramicrotomy and cryo-

electron microscopy and tomography, either by cryo-FIB-SEM or cryo-TEM.
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3.5 Conclusion

Our cell culture platform with distinct compartments connected by microchannels akin to mi-
crofluidics, is uniquely compatible for high-pressure freezing for chemical-free preservation in
a near-native vitreous state. It can thereby enable the recapitulation and imaging of neuronal
pathways and circuits, and opens the door to more physiologically-relevant nanoscale imag-

|ll

ing, and cryo-electron microscopy and tomography of compartmentalized neuronal “micro-
fluidic”-type cultures, which was previously unachievable due to technical constraints that we
have overcome. Our device can be expanded to studying neuronal systems in the context of
disease and drug testing for correlative studies and high-resolution imaging, thereby serving

as a tool of great potential to neuroscience research.
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Chapter 4 General conclusion

The two novel imaging techniques described in this thesis can help to shed light into
the hierarchical organization of brain samples from the macroscopic level all the way down to
the nanoscopic level. The first biological case study by cryo-PXCT in reported here will help to
further establish and expand the use of this technique in the biological research community.
This study clearly revealed that cryo-PXCT can resolve small details over large spans of tissue,
in particular non-destructively in the frozen-hydrated state, and allows further imaging post
to the X-ray measurement by other techniques. For the first time the possibility of
downstream electron microscopy and immunogold labelling of post cryo-PXCT biological
samples was demonstrated whereby the subcellular ultrastructures and antigenicity were
well-preserved. High-pressure frozen tissue biopsies at their native, hydrated state could be
also investigated by cryo-PXCT using the same experimental setup. It is expected that the
ultrastructure as well as protein antigenicity of the high-pressure frozen tissue are even better
preseved without chemical fixation and cryo-protectant infiltration and allow for better

biochemical investigation by enhanced efficiency and selectivity immunostaning.

The spatial resolution obtained by cryo-PXCT was sufficient to recognize distinct abnormalities
in myelinated axons that occur only in PD human brain. The finding of aggregations and
swellings in this case study suggests further investigations into fundamental mechanisms, to
elucidate the important role which oligodendrocytes play not only for PD but also for other

neurodegenerative diseases.

Future work can improve the process towards a better correlation between X-ray imaging by
cryo-PXCT and downstream electron microscopy, which is lacked in this work due to the chal-
lenges in the cryo-ultramicrotome preparation of serial ultrathin sections from the tissue block

after X-ray imaging.

High-pressure frozen tissue biopsies post cryo-PXCT could also be freeze-substitutedfor down-
stream processing by ultramicrotome at room temperature. Despite the fact that the cryo-
workflow to process samples directly at cryo-conditions allows better preservation of ultra-

structures and of the protein antigenicity for immunolabelling, the ultramicrotomy of resin-
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embedded samples at room temperature is more simple and efficient. Resin-embedded sam-
ples can be processed by automated tape-collecting ultramicrotome (ATUM)7! to prepare se-
rial ultrathin sections from the X-ray imaged tissue blocks (Figure 4.1). Theoretically, this tech-
nique can generate up to 10.000 ultrathin sections over 24 h period with no human interac-
tion!’!, meaning that whole resin-embedded blocks can be processed for downstream elec-
tron microscopy with minimal errors. The serial ultrathin sections can be imaged by SEM and
images are assembled by automatic software into a 3D map of the tissue volume in which high
resolution imaging targets can be selected’*. As a result, two complete 3-D tomograms of the
tissues at different resolution by different methods (cryo-PXCT and serial sectioning/SEM) and
at different states (cryo-preserved, hydrated sample and freeze-substituted, resin embedded
sample) can be obtained and fully correlated. The precise correlation of images of the same
structure, for instance of dystrophic myelinated axons, allows better understanding of patho-
logical features at ultrastructure level and evaluating the effects of each technique to the ul-

trastructure of biological samples.

It is also possible to interrupt the automatic collection process to manually pick up a few ul-
trathin sections by TEM grids and then continue the process. Those ultrathin sections attached
on top of TEM grids could be combined with immunogold labelling for biochemical investiga-
tion of interesting structures within tissues at higher resolution by TEM. As a result, a compre-
hensive pipeline from 3D imaging of native tissues to complete correlative electron micros-
copy combined with biochemical investigation at multiscale can be a powerful tool for neuro-

science research, especially for investigation of pathological features of neuronal diseases.
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a) b)

/
!

Figure 4.1: An automated tape-collecting ultramicrotome system.

(a) Schematic representation of a tape collection device installed on a commercial ultrami-
crotome. (b) Zoomed-in red box in (a) showing the collection process of ultrathin sections
floating on the knife’s water boat onto a surface of partially submerged plastic tape attached

on a conveyor belt. Scheme reprinted from Hayworth (2014)1.

While currently the imaging rate of cryo-PXCT is comparable to destructive methods, a dra-
matic (orders of magnitude) increase in resolution can be expected with upgrades of synchro-
tron sources currently on the way worldwide. It is expected that the coherent beam with in-
creased flux allows 3D imaging of larger volume samples or at higher resolution. However, this
will also increase the radiation damage to the biological samples; therefore more experiments
must be carried to find the optimal condition. Recent upgrades in the computational algorithm
to reconstruct 3D tomograms from collected overlapping diffractive patterns by cryo-PXCT to
significantly reduce the data processing time. This upgrade will allow taking the technique
beyond the level of a case study, allowing the measurement of significantly more samples to
better understand the diseases’ pathologies. Those achievements should thus raise interest

from biologists of a wider field to apply this technique to their specific research questions.

Although the 3D tomograms obtained by cryo-PXCT can be semi-automatically segmented to
visualize and investigate key features in human brain tissues with high accuracy as demon-
strated in this work, the process is very time consuming. It can take several months to com-
plete segmentation process of one single 3D tomogram containing more than a thousand of
slices. Since the contrast of tomograms is low due to the low intrinsic density contrast of brain

samples, it is challenging to speed up the process by automatic segmentation via automatic
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thresholding/masking functions of current image processing software. Lately, the develop-
ment of artificial intelligence, such as machine learning and artificial neural systems contrib-
utes to almost every field of technology, including imaging process'’>173, Machine learning is
defined as “Giving computers the ability to learn without being explicitly programmed” by
Arthur Samuel, a pioneer American computer scientist in this field. It is possible to train com-
puter by using complex algorithmic mathematicals to analyze and interpret data sets for image
segmentation’#7177, In this way, the analysis of large data sets from 3D imaging can be signif-
icantly improved, in terms of speed, efficiency and accuracy. This can free researchers in this
field from repeated, time consuming tasks of image processing and it will grow in influence in
the future. In the second part of this work, a well-designed compartmentalized platform for
neuronal co-culture was developed to create simplified neuronal networks for studying hu-
man brain development and disease. This platform is fully compatible with cryogenic fixation
by high pressure freezing, meaning that reconstructed neuronal circuits are cryo-fixed in a

vitreous, near-native state for ultrastructural imaging by EM.

With rapid technology development, new possibilities can be expected for the fabrication of
more advanced microstructures to reconstruct complex neuronal networks on such small sub-
strates, while still being compatible with ultrastructural imaging. For instance, an additional
chamber for a glia cell culture could be integrated to this compartmentalized platform to pro-
vide glial support for axon functions and integrity, which is an important feature in native
nervous systems. Moreover, it is also important to fabricate a 3D cell culture models for neu-
roscience research because the 2D reconstructed neuronal networks are very different to
their native 3D structure. Neurons in the brain form very dense architectures and tightly linked
networks together with other supporting cells (glia cells). Several approaches to form 3D cul-
ture models have also been developed. Microwells arrays have been fabricated to create mi-
cro-3D (u3D) neuron cultures to evaluate the activity patterns'’® or to investigate the for-
mation and differentiation of embryoid body (EB) from human embryonic stem cells
(hESCs)”?, or from murine embryonic stem cells (mESCs). The 3D cell culture approaches
could be further extended to co-culture neurons and glial cells via multi-layer cultures or hy-
drogels embedding to fabricate complex brain-like tissue models and to promote the for-

mation and stabilization of synapses 18%182 The glia cell cultures provide supporting functions
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to the neuron cultures, such as maintaining homeostasis, vital support, protection for neu-
rons. Glia cells also serve as “glue” in neuronal networks and provide physical support as a
scaffold for migrating neurons during neurogenesis. These brain-like tissue models can pro-
vide advanced platforms to address some questions in neuroscience under more relevant con-

ditions.

Hypothetically, the approaches proposed above could be directly integrated into our culture
model based on sapphire disc substrates. Advanced micro/nanofabrication methods, for ex-
ample 3D printing or direct laser writing lithography can help to fabricate complex 3D micro-
structures on such small sapphire discs with higher resolution for cell cultures. Essentially, the
complex 3D cell cultures could be imaged directly in 3D view by cryo-PXCT, followed by cor-
relative ultrastructural study by electron microscopy. Nonetheless, the ability to reduce the
volume/size of frozen samples on top of sapphire discs for cryo-PXCT imaging remains a chal-
lenge because it is difficult to cut sapphire discs physically by ultramicrotome. The fact that
the microstructures atop sapphire discs could also be fabricated on other substrates like metal
platelets, it enables direct trimming processes by cryo-ultramicrotomy to resize samples for
3D cryo-PXCT imaging. The post X-ray imaging samples can then be performed by both direct
cryo-process and freeze-substituted/resin embedded, which are demonstrated in this work.
This would be an example of the possibility to combine cryo-PXCT with the compartmentalized

neuron co-culture platform as a more advanced approach for neuroscience research.

Nanoscale label-free imaging cryo-PXCT of the tissue samples at their native state provides
great insights into pathological features of the diseases. However, investigation of the mech-
anism underlying the disease condition or observation of early progression of the disease in
vivo remain a challenge. Theoretically, compartmentalized neuron co-culture platforms allow
reconstruction of various neuronal circuits by co-culturing dissociated neurons from specific
brain regions. Therefore, the same neuronal circuits in tissue samples which are investigated
by cryo-PXCT can be replicated in vitro for further investigation. The pathological features in-
vestigated in the diseased brain samples can be simulated on neuronal cell culture models by
using relevant neurotoxins. For example, the degeneration of nigrostriatal dopaminergic neu-
rons in PD can be induced by applying neurotoxin 1-methyl-4-phenylpyridinium (MPP*) 15-161
on reconstructed nigrostriatal pathway on the compartmentalized neuron co-culture plat-

form.
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In conclusion, the techniques for neuroimaging reported here are innovative methods for in-
vestigating structural aspects of the human brain in both healthy and impaired conditions at

nanoscale, enabling valuable contribution to neuroscience research.
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Dystrophic Myelinated Axon 5 (DMAS5)

Dystrophic Myelinated Axon 6 (DMAG6)

90




Supplementary Material

View 1 View 2 View 3

Dystrophic Myelinated Axon 7 (DMAT7)

Supplementary Figure 2.1. Dystrophic myelinated axons (DMAs) by cryo-PXCT in Parkinson’s
diseased human brain. Single 2D orthoslices with inverted grayscale showing the appearance
of five DMAs (indicated by the yellow crosses) in different planes (X-Z, X-Y, Y-Z) and different
positions (Views 1, 2, 3) in the 3D tomogram. Yellow crosses indicate the position of the DMA
in the different views and planes. Other DMAs are shown in Figures 2.7 and Supplementary
Figure 2.2. Grayscale shown herein does not correspond directly to mass density as opposed

to Figure 2.3. Scale bars: 10 um
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Dystrophic Myelinated Axon 10 (DMA10)

Dystrophic Myelinated Axon 11 (DMA11)

Supplementary Figure 2.2. Dystrophic myelinated axons (DMAs) by cryo-PXCT in Parkinson’s
diseased human brain. Single 2D orthoslices with inverted grayscale showing the appearance
of four DMAs (indicated by the yellow crosses) in different planes (X-Z, X-Y, Y-Z) and different
positions (Views 1, 2, 3) in the 3D tomogram. Yellow crosses indicate the position of the DMA
in the different views and planes. Yellow arrowheads indicate other DMAs present in the same
viewing frame. Other DMAs are shown in Figures 2.7 and Supplementary Figure 2.1. Grayscale
shown herein does not correspond directly to mass density as opposed to Figure 2.3. Scale

bars: 10 um.
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