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Gaining insight to pathologically relevant processes in continuous volumes of unstained
brain tissue is important for a better understanding 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 in the multi-keV energy range is an emerging technology providing phase
contrast at high sensitivity, allowing label-free and non-destructive three dimensional
imaging of large continuous volumes of tissue, currently spanning up to 400,000 µm3.
This aspect makes the technique especially attractive for imaging complex biological
material, especially neuronal tissues, in combination with downstream optical or electron
microscopy techniques. A further advantage is that dehydration, additional contrast
staining, and destructive sectioning/milling are not required for imaging. We have
developed a pipeline for cryo ptychographic X-ray tomography of relatively large,
hydrated and unstained biological tissue volumes beyond what is typical for the X-ray
imaging, using human brain tissue and combining the technique with complementary
methods. We present four imaged volumes of a Parkinson’s diseased human brain
and five volumes from a non-diseased control human brain using cryo ptychographic
X-ray tomography. In both cases, we distinguish neuromelanin-containing neurons,
lipid and melanic pigment, blood vessels and red blood cells, and nuclei of other
brain cells. In the diseased sample, we observed several swellings containing dense
granular material resembling clustered vesicles between the myelin sheaths arising from
the cytoplasm of the parent oligodendrocyte, rather than the axoplasm. We further
investigated the pathological relevance of such swollen axons in adjacent tissue sections
by immunofluorescence microscopy for phosphorylated alpha-synuclein combined with
multispectral imaging. Since cryo ptychographic X-ray tomography is non-destructive,
the large dataset volumes were used to guide further investigation of such swollen
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axons by correlative electron microscopy and immunogold labeling post X-ray imaging,
a possibility demonstrated for the first time. Interestingly, we find that protein antigenicity
and ultrastructure of the tissue are preserved after the X-ray measurement. As many
pathological processes in neurodegeneration affect myelinated axons, our work sets an
unprecedented foundation for studies addressing axonal integrity and disease-related
changes in unstained brain tissues.

Keywords: human brain, neurodegeneration, Tomography – X-ray computed, Parkinson’s and related diseases,
label-free, electron microscograpy, ptychography, axons

INTRODUCTION

Multi-scale visualization of the hierarchical organization
of human brain is critical to neuroscience. 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. 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 neuronal network of the human brain is complex.
Neurons communicate via their extensions known as dendrites or
axons. Axons are often wrapped in segments of lipid membrane
sheaths known as myelin, which provide it with insulating and
stabilizing properties. Myelin sheaths are essentially flattened
portions of extensions of the cell membrane of oligodendrocytes.
The high lipid content of myelin sheaths encasing the axon
serves to enhance conduction velocity (Nave and Werner,
2014). Myelinated axons are a critical part of the neuronal
circuitry and constitute approximately 40% of the human brain
(Morell and Norton, 1980).

Neurites, especially myelinated axons, are a critical functional
component of brain cells, serving as highways of cross-
communication. They relay physical cargo and electrical signals
from one neuron to another. Pathologically related aggregation
processes within the axon can cause a localized swelling
that interferes with normal trafficking (Chevalier-Larsen and
Holzbaur, 2006). Alzheimer’s disease, Parkinson’s disease, and
multiple sclerosis are a few examples of such diseases (Su
et al., 1993; Adalbert et al., 2009; Inglese and Petracca, 2013;
Lee et al., 2014; Friese, 2016) in which 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
within the tissue can permit new insights to the axonal
component of pathology in neurodegenerative diseases, which is
not well understood.

Synchrotron 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 µm, using heavy-metal
staining such as silver nitrate for contrast enhancement and
oftentimes plastic- or paraffin-embedding for rigid preservation
(Mizutani et al., 2009; de Castro Fonseca et al., 2018). Phase

contrast has also been used in propagation-based X-ray imaging
to obtain high-quality 3D images of myelinated axons (Dyer
et al., 2017). 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
(Khimchenko et al., 2018). 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, biological matter can be imaged in 3D at a resolution
of about 30 nm, albeit with a depth limited to a couple of
micrometers (Le Gros et al., 2016; Pérez-Berná et al., 2016).

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 (Wu et al., 2012).
Additionally, propagation-based hard X-ray microscopy can be
achieved by using a divergent beam to produce magnified images
(Mokso et al., 2007; Bartels et al., 2015), which allowed resolving
myelinated axons within resin-embedded nerves specimens
(Bartels et al., 2015; Kuan et al., 2020).

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 (Holler et al., 2014,
2017a) on specimens that exhibit small features with sufficient
density contrast. 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 (Diaz et al., 2015; Pfister et al., 2016;
Shahmoradian et al., 2017b). 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 (Shahmoradian et al.,
2017b). These are important factors for enabling multi-scale
downstream processing in a relatively minimally perturbed state.
The OMNY instrument (Holler et al., 2018) allows cryogenic
PXCT (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,
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which can be, in turn, related to its local mass density using
reasonable assumptions about the stoichiometric composition
(Diaz et al., 2015). 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 (Kremers et al., 2011; Shu et al., 2011;
Manning et al., 2012; Lam et al., 2015). 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.

Parkinson’s disease is a complex neurodegenerative disease,
the second most common after Alzheimer’s 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-synuclein (Galvin et al.,
1999; Kotzbauer et al., 2004; Saha et al., 2004; Chung
et al., 2009; Burke and O’Malley, 2013; Koch et al., 2015;
Sekigawa et al., 2015; Tagliaferro and Burke, 2016; Kouroupi
et al., 2017). 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 (Shahmoradian et al.,
2017a). However, imaging several dystrophic axons and their
contained ultrastructures simultaneously is not efficient by
electron microscopy alone. 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 µm)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 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 herein, 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.

RESULTS

Cryo-PXCT Imaging, Feature
Segmentation and Quantification
Cryo-PXCT using the OMNY (tOMography Nano crYo)
instrument (Holler et al., 2018) at the cSAXS beamline of
the Swiss Light Source was utilized to visualize five and
four brain tissue samples, respectively (Table 1) from a
control, non-demented donor and a Parkinson’s diseased donor
(Table 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 µm)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 Lewy pathology in the context
of dopaminergic degeneration (Fearnley and Lees, 1991). Samples
were prepared according to a pre-established protocol optimal for
cryo-PXCT imaging of mouse brain tissue (Shahmoradian et al.,
2017b), with an improved trimming procedure (Figure 1) for
more efficient imaging.

Four cryo-PXCT tomographic datasets were generated from
four separate blocks of human postmortem brain tissue from a
PD brain donor (Table 1, Movies 5–8). 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 1, Movies 1–4),
three of which are shown as virtual slices in Figure 1.

The tomograms showed neuromelanin-containing cells
typical of the substantia nigra region (Figure 1, white dotted
lines), as well as the cross-sections of myelinated axons (high
contrast ellipsoid and circular structures). Nuclei (Figure 1,
yellow dotted lines) of these neuromelanin-containing cells, and
a smaller dense nucleolus (Figure 1a, white arrowhead), were
also visible. Nuclei likely corresponding to microglial cells were
observed as an elongated, irregular nucleus with characteristic
peripheral heterochromatin and heterochromatin net made of
multiple fused granules (García-Cabezas et al., 2016) (Figure 1,
orange double-arrowhead), and dense, round nuclei were also
visible (Figure 1, orange single-arrowheads). Following 3D
color segmentation of the tomograms, the identity of several
other features became more apparent. One tomogram from each
group (control and PD) was selected for subsequent 3D color
segmentation (Figures 2, 3, Movies 1 and 5, respectively).
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TABLE 1 | Imaging parameters and characteristics of biological samples imaged by cryo-PXCT using OMNY.

Control brain donors Parkinson’s diseased brain donors

Tomo 1 Tomo 2 Tomo 3 Tomo 4 Tomo 5 Tomo 1 Tomo 2 Tomo 3 Tomo 4

Data collection 33 h 28 h 19 h 35 h 34 h 37 h 31 h 62 h 42 h

Volume imaged 230,000 µm3 123,000 µm3 55,000 µm3 260,000 µm3 204,000 µm3 400,000 µm3 258,000 µm3 426,000 µm3 220,000 µm3

Dimensions (X,Y) 150 µm 120 µm 110 µm 110 µm 140 µm 160 µm 112 µm 150 µm 120 µm

Depth (Z) 30 µm 25 µm 20 µm 50 µm 30 µm 35 µm 50 µm 50 µm 40 µm

Projections 750 850 850 700 600 800 640 1100 700

Estimated dose 9 MGy 9 MGy 9 MGy 7 MGy 4 MGy 15 MGy 11 MGy 19 MGy 12 MGy

3D resolution estimation 255 nm 215 nm 145 nm 240 nm 245 nm 280 nm 270 nm 250 nm 190 nm

(2D) 380 nm (2D) 390 nm

Table represents 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, Movie 1) and Tomo 4 (Parkinson’s diseased
human brain, Movie 5), shown in black-outlined rectangles, were selected for 3D color segmentation. Control: Tomo 1 = Movie 2; Tomo 2 = Movie 3; Tomo 3 = movie not
shown; Tomo 4 = Movie 4; Tomo 5 = Movie 1. Parkinson’s diseased: Tomo 1 = Movie 6; Tomo 2 = Movie 7; Tomo 3 = Movie 8.

TABLE 2 | Clinical and pathological characteristics of brain donors.

Donor Diagnosis Age at onset (years) Age at death (years) Sex PMD (hrs:min) Braak aSyn 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

PDD, Parkinson’s disease with dementia; age-at-onset, age at clinical diagnosis of PD; n.a., not applicable; NDC, non-demented control; aSyn, α-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.

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, 3), 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 3b,d, purple segments within the aqua axons;
Figure 4 and Supplementary Figures 1, 2, yellow crosses) as
compared to the rest of the axons (Figures 3b,d, aqua axons).
These swellings were in close proximity to the neuromelanin-
containing cells, 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 4 and Supplementary
Figures 1, 2; yellow crosses). The variability of the type of swelling
is more apparent when the DMAs are visualized in 3D color
segmentations, four of which are shown in Figure 5. 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 5a–c) with the swelling rather occurring in the layers
comprising the myelin sheath of the axon, or the axoplasm itself
can also become swollen (Figure 5d).

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 6b), whereas “in myelin

cytoplasm” refers to the cytoplasm within the myelin sheaths
(Figure 6c) corresponding to that of the parent oligodendrocyte
rather than the neuron (Fields, 2014). 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 (Figures 4a–c and Supplementary Figure 1 all excluding
A–C, 2) 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 itself (Kuusisto et al.,
2003; Chevalier-Larsen and Holzbaur, 2006; Doorn et al., 2014)
thereby resulting in a local swelling of the SWiA type, which
we did observe albeit to a lesser extent (Figure 4 “DMA2” A–C
and Supplementary Figures 1A–C). Overall, 74% (40) of DMAs
were found to be the SWiM type (Figure 6c), 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 6b), corresponding to the more intuitive case
of a swelling within the neuronal cytoplasm inside the axon
itself (Supplementary Figure 4A). Quantification performed
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FIGURE 1 | Hydrated, unstained non-demented human brain as imaged by cryo-PXCT using OMNY (Holler et al., 2018). Trimmed tissue volume schematic
corresponding to orthoslice views is shown above. 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 samples measured. Grayscale intensity values directly correspond to electron density. Data shown corresponds to orthoslices from
(a) Tomo 5, (b) Tomo 1, (c) Tomo 4 (Table 1). Scale bars: 10 µm.

for each of the four PD brain tomograms independently
(Supplementary Figures 4B–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 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 µm
(Supplementary Figure 4).

Optical Imaging: Alpha Synuclein
Immunofluorescence With Bielschowsky
Silver Staining
The DMAs were only observed in the PD human brain cryo-
PXCT tomograms and were not present in the control human
brain tomograms. To further investigate the pathological
relevance of DMAs, we applied immunohistochemistry using
a phosphorylated alpha-synuclein antibody (p-aSyn, Ser129-P
aSyn, 11A5, gift from Prothena), together with a Bielschowsky
silver staining protocol (Uchihara, 2007) on adjacent sections
from same tissues as used for the X-ray/EM studies, in order

to co-visualize nerve fibers as well as p-aSyn-immunopositive
Lewy neurites in adjacent tissue blocks to those collected
for cryo-PXCT. Stainings were analyzed by fluorescent
microscopy – in combination with multispectral imaging –
and confocal microscopy. The Bielschowsky staining showed
the thickness and direction of axons originating from and
directed to the SNpc. In a subset of p-aSyn immunopositive
Lewy neurites, immunoreactivity overlapped partially or
completely with swollen axons revealed by Bielschowsky stain,
demonstrating the presence of p-aSyn inclusions in these
dysmorphic processes (Figure 7).

Correlative Electron Microscopy
For imaging downstream target structures at higher resolution,
one PD and one control tissue block after cryo-PXCT
imaging were selected for subsequent cryo ultramicrotomy at
−100◦C (Tokuyasu, 1980). The blocks were transferred and
thawed at room temperature as routine for cryo-immunogold
electron microscopy (Peters et al., 2006). Structures of interest
were labeled by primary antibody followed by secondary
immunogolds and contrast-stained by uranyl acetate (Peters
and Pierson, 2008), then imaged by transmission electron
microscopy (TEM) at ambient temperature. This workflow is
shown in Supplementary Figure 5. For imaging downstream
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FIGURE 2 | 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 neuromelanin-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 1). Scale bars: 10 µm.
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FIGURE 3 | Tissue components in 3D color-segmented cryo-PXCT tomograms of Parkinson’s diseased 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 “Parkinson’s diseased human
brain,” Tomo 4 (Table 1). Grayscale shown herein does not correspond directly to mass density as opposed to Figure 1. Scale bars: 10 µm.
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FIGURE 4 | Dystrophic myelinated axons (DMAs) by cryo-PXCT in Parkinson’s diseased 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 Supplementary Figures 1, 2. Grayscale of all 2D cutaways shown herein correspond to
electron density. Pink arrowheads = neuromelanin-containing organelles of adjacent cell. Scale bars: 10 µm. a, b, c refer to the different columns corresponding to
View 1, View 2, and View 3, for clarity sake.

target structures at higher resolution, one PD and one
control tissue block after cryo-PXCT imaging were selected for
subsequent cryo ultramicrotomy at −100◦C (Tokuyasu, 1980),
transferred and thawed at room temperature as routine for
cryo-immunogold electron microscopy (Peters et al., 2006),
labeled by primary antibody followed by secondary immunogolds

and contrast-stained by uranyl acetate (Peters and Pierson,
2008), then imaged by transmission electron microscopy
(TEM) at ambient temperature. This workflow is shown in
Supplementary Figure 5.

Each tissue block was schematically divided into three
zones, and ultra-microtomed sections (70 nm thin) were
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FIGURE 5 | 3D color representations of DMAs in Parkinson’s diseased human brain by cryo-PXCT. (a–c) DMAs in which the oligodendrocyte cytoplasm within the
myelin sheaths is swollen (purple) at a region along the length of the myelinated axon (aqua), (d) DMA in which swelling is visible in both the oligodendrocyte
cytoplasm (purple) and underlying axoplasm (aqua swelling beneath the purple). Red = blood vessel; Dark red = blood cell; Orange = nuclei of non-neuromelanin
containing cells. Scale bars = 5 µm.

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 8a, 9a) and PD human brain
(Figures 10a,g). The integrity of the tissue was as expected
for cryo immunogold labeling (Tokuyasu, 1986; Peters et al.,
2006), 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 8–10), after using the cryo-
PXCT tomographic maps to navigate to the appropriate region in
which these cells were originally 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 neuromelanin-containing cell (Figures 8b,c) from
a non-immunogold stained tissue section (Figure 8a) from a
non-demented control human brain donor is shown to display
clear neuromelanin-containing organelles in which the lipid
vesicle component is clearly preserved amongst the typically
dark, dense globules representing neuromelanin-containing
organelles (Zucca et al., 2018) (Figures 8d,e, blue arrowheads).
The dark appearance of the globules by electron microscopy
(Figures 8c–e) is attributable to the naturally high metal content
of such structures, while the dark appearance typically observed
by brightfield light microscopy is attributable to the fact that
these are pigmented akin to melanin in skin tissue. Furthermore,
mitochondria with clear cristae were also visible within the tissue
sections, one of which is shown enclosed within a clear axonal
cross section (Figure 8F, white asterisk). The individual lipid
layers of myelin sheath that compose the axon are also clearly
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FIGURE 6 | 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 myelinated 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.

visible, as well as the membranous profiles of vesicles (Figure 8f,
orange arrowheads).

In another neuromelanin-containing cell (Figure 9b) shown
in a control human brain tissue section (Figure 9a) that

was immunogold-stained for a prominent mitochondrial porin
antibody (VDAC1, Abcam ab14734), the nucleus and nucleolus
are clearly visible (Figures 9c,d); furthermore, the nuclear
membrane is also visible at higher magnification (Figure 9d,
aqua arrowheads). Below the neuromelanin-containing cell
(Figure 9e), several mitochondria were visualized, some of
which are shown in Figures 9f–j (white asterix). Immunogolds
(Figures 9f–j, yellow arrowheads) are visible at the edges
of the mitochondria, where the VDAC1 porin protein is
expected to be localized, being an outer mitochondrial membrane
protein. Specificity is demonstrated 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 9j,
orange arrowheads), synaptic cleft (aqua arrowheads), and a
mitochondrion (white asterix) visible in the postsynaptic zone,
were also clearly visible.

Several neuromelanin-containing cells (Figures 10a,b,g,h)
could be localized in the appropriate EM tissue sections
from the PD brain tissue samples, using the corresponding
cryo-PXCT tomograms as a guide. In one tissue section
(Figure 10a) immunogold-stained for LB509 (Abcam ab27766),
an antibody that is routinely used to identify Lewy pathology
as aSyn-immunopositive structures in PD, we observed that
immunogolds localized to lamellar membranous structures
(Figures 10e,f, yellow dotted lines) within the neuromelanin-
containing organelles. These immunogolds were not visible in the
background, suggesting a specificity to these structures. 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 10b–f,i–l, black,
dark-contrast features) and their typical corresponding lipidic
vesicle component known as lipid bodies (Zucca et al., 2018)
(Figures 10d,e,j, blue arrowheads). In another tissue section
(Figure 10g) immunogold-stained for p-aSyn (phospho S129,
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 localized in the neuromelanin (Zucca et al., 2018),
similar to our result. Those researchers suggest that the process
of neuromelanin synthesis that starts in the cytosol, may involve
accumulation of aggregated and β-structured proteins, including
aSyn (Zucca et al., 2018).

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
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FIGURE 7 | Optical microscopy and immunofluorescence of pathologically relevant structures in PD brain donor tissue. Staining and imaging was performed on
adjacent tissue sections from the same PD brain donor SNpc region as used for the cryo-PXCT and EM studies. (a) overview of Bielschowsky silver staining of the
SNpc. (b) Lewy neurite and Lewy body (insert) as revealed by p-aSyn immunohistochemistry. (c,e) Representative example of a dystrophic axon (black dotted lines,
yellow asterix) visible by silver staining corresponding to be (d,f) Lewy neurite (white dotted lines) by fluorescence microscopy with spectral imaging. Lewy body is
visible (white arrowhead) in both panels (e) and (f). Neuromelanin-containing cells (blue arrowheads) are visible in panel (c). Scale bars: (a) = 200 µm, inset 100 µm;
(b) = 25 µm; (c,d) = 20 µm; (e,f) = 50 µm.
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FIGURE 8 | 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 1) and contrast-enhanced using uranyl acetate, following cryo-PXCT
imaging. Images show progressively zoomed-in views of a neuromelanin containing cell and other higher-resolution 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 arrowheads). Scale bars: (a) = 80 µm; (b) = 30 µm; (c) = 3 µm;
(d) = 2 µm; (e,f) = 200 nm.
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FIGURE 9 | 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 1) followed by immunogold labeling using
anti-VDAC1 (mitochondrial membrane marker), standard uranyl acetate contrast enhancement, and electron microscopy. 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 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 mitochondrion (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 immunogolds (yellow arrowheads) visible on the post-synaptic side, and clusters of synaptic vesicles (orange arrowheads)
visible on the presynaptic side. Scale bars: (a) = 60 µm; (b) = 4 µm; (c) = 1 µm; (d) = 4 µm; (e) = 3 µm; (f–j) = 100 nm.

Frontiers in Neuroscience | www.frontiersin.org 13 November 2020 | Volume 14 | Article 570019

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-570019 November 23, 2020 Time: 14:0 # 14

Tran et al. Cryo-PXCT Human Brain Sub-Axonal Architecture

FIGURE 10 | Continued
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FIGURE 10 | Immuno-electron microscopy of ultrathin tissue sections post cryo-PXCT imaging of Parkinson’s diseased human brain. After cryo-PXCT imaging,
sections were generated by cryo-ultramicrotomy of the tissue block of Parkinson’s diseased human brain (Tomo 2, Table 1) followed by immunogold labeling,
standard uranyl acetate contrast enhancement, and electron microscopy. Images in panels (a–f) and (g–l) correspond to different tissue sections: (a–f)
immunogold-labeled using LB509 (anti-alpha synuclein), and (g–l) 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 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). (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. (l) 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. Scale bars: (a) = 30 µm; (b) = 3 µm; (c) = 500 nm; (d) = 200 nm; (e,f) = 100 nm; (g) = 80 µm; (h) = 10 µm; (i) = 2 µm; (j) = 200 nm; (k,l) = 100 nm.

(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.

As the phosphorylation of serine 129 of alpha synuclein (p-
aSyn) is considered the dominant pathological modification in
both familial and sporadic Lewy body diseases including PD, we
have investigated the pathological relevance of the DMAs in this
PD case using a phosphorylated alpha-synuclein antibody (p-
aSyn, Ser129-P aSyn, 11A5, gift from Prothena) for fluorescent
confocal microscopy, together with a Bielschowsky silver staining
protocol (Uchihara, 2007) followed by multispectral imaging, on
adjacent sections from same tissues as used for the X-ray/EM
studies. By co-visualizing the nerve fibers with the Bielschowsky
stain as well as p-aSyn-immunopositive Lewy neurites in adjacent
tissue blocks to those collected for cryo-PXCT, we found
that immunoreactivity overlapped partially or completely with
swollen axons, demonstrating the presence of such pathologically
relevant p-aSyn inclusions in these DMAs of the PD brain
samples (Figure 7).

We have also shown that the majority of these DMAs
occur within the myelin sheaths (Supplementary Figure 3
and Figure 6) 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
(Ettle et al., 2016). 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)
(Chevalier-Larsen and Holzbaur, 2006). The aggregated cellular
material that we observe in the oligodendrocyte cytoplasm
composing the myelin sheaths (Figures 3b,d, 4, 6 and
Supplementary Figures 1, 2), may indeed correspond to a
pathological accumulation, one likely involving aSyn according
to our in-parallel confocal microscopy datasets that reveal
aSyn-immunopositive aggregates co-localizing with swollen
axons (Figure 7).

This pathological accumulation within these swellings
appeared very granular (Figure 4 and Supplementary
Figures 1, 2), which we attribute to the presence of clustered
vesicles. 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 (Shahmoradian et al.,
2017a). 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) (Bartzokis, 2004;
Rosas et al., 2006). Furthermore, the occurrence of heightened
tissue iron levels complexed with ferritin (produced in the brain
mainly by oligodendrocytes) in PD, AD, and HD (Bartzokis
et al., 2004, 2007; Todorich et al., 2009) is known to increase
the concentration of reactive oxygen species (Puntarulo, 2005)
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
role (Grune et al., 2004; Doorn et al., 2014; Ward et al., 2014).

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
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that cryo-PXCT is a useful tool to simultaneously visualize
several axons in a continuous volume, currently limited to
∼(100 µm)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 state
(Braak et al., 2006b; Braak and Del Tredici, 2016). 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 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 (Simons and Nave, 2015).
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 (Bradl and Lassmann, 2010).

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 8–10),
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. 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.

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 (Deng et al., 2017). 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 (Howells et al., 2009). The development
of diffraction-limited storage rings (Eriksson et al., 2014) 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.

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 (Kouroupi et al., 2017), 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 (Chung et al., 2009).

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)
(Anderson et al., 2006), 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.

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,
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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 (Holler et al., 2017a). This will allow increasing the
number of samples studied for a wider investigation.

METHODS

Human Postmortem Brain Tissue
Samples
Post-mortem brain tissue samples from Donors A and B (Table 2)
with clinical diagnosis PD with dementia (PDD) and brain tissue
samples from non-demented patients as controls (Donors C-E,
Table 2) were obtained from the Netherlands Brain Bank (NBB1;
Table 2) and the Normal Aging Brain Collection (Dept. Anatomy
and Neurosciences, VUmc), respectively. Tissues were collected
using a rapid autopsy protocol (NBB). Brain tissues from Donors
B and D (Table 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 consent for a 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 mm3 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 (Emre et al., 2007). Neuropathological

1www.brainbank.nl

evaluation was performed on 7 µm 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 (Braak et al., 2006a), CERAD criteria adjusted for
age and Thal criteria (Thal et al., 2006). The presence and
topographical distribution of aSyn (monoclonal mouse anti-
human-α-synuclein, clone KM51, Monosan; Supplementary
Figure 1) was rated according to Braak’s staging scheme for
aSyn (Braak et al., 2004) and a modified version of McKeith’s
staging system for aSyn (i.e., brainstem, limbic system, amygdala-
predominant or neocortical (McKeith et al., 2005).

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 (Rutala and
Weber, 2010). For delicate parts such as the fine diamond tips
of the DiatomeTM knives, 50% ethanol – as recommended –
was used.

Tissue Preparation for Cryo-PXCT
Imaging
Tissues were prepared as previously described for mouse brain
(Shahmoradian et al., 2017b) with some alterations regarding
the final trimmed sample shape and more details provided
herein, also shown in a workflow (Supplementary Figure 6).
The fixed tissue was sectioned using a Vibratome into 60 µm-
thick slices, kept at 4◦C 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, rotating at 4◦C 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 (Holler et al., 2017b) in a
method as previously described (Shahmoradian et al., 2017b).

On the day of cryo-trimming, cryo-knives (DiatomeTM

45◦ diamond trim knife and 90◦ diamond trim knife) were loaded
and the cryo chamber was cooled to −90◦C. 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
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cut into 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
(Shahmoradian et al., 2017b) 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 µl 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 −90◦C and kept therein for 1 h. This is a
“slow-freezing” technique typical for cryo-immunogold electron
microscopy (Tokuyasu, 1986; Peters et al., 2006). 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
−90◦C), 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 µm in X-Y-Z
dimensions using a Trim90 (DiatomeTM) 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.”

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. Nine tomograms (four of Parkinson’s diseased
human brain and five of non-demented control human brain)
were obtained under cryogenic conditions (−180◦C) using
OMNY (Holler et al., 2018). A general description of the
experimental setup is provided as follows. Samples were mounted
on customized sample pins (Holler et al., 2017b) 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 µm-diameter central stop,
a coherently illuminated 220 µm-diameter Fresnel zone plate
(FZP) with an outer-most zone width of 60 nm, and a 30 µm-
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 (Huang
et al., 2014) 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 (Guizar-Sicairos
et al., 2014) 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.

Ptychographic reconstructions were obtained through the
difference map algorithm (Thibault et al., 2008) followed by
maximum likelihood algorithm (Thibault and Guizar-Sicairos,
2012) using software PtychoShelves (Wakonig et al., 2020). 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 (Guizar-Sicairos et al., 2011,
2015) to generate 3D tomograms based on modified filtered
back projection (Guizar-Sicairos et al., 2011). The grayscale in
the tomograms correspond to absolute electron density (Diaz
et al., 2012). Image resolution was estimated by FSC (Van Heel
and Schatz, 2005). The number of photons incident on the
sample for one projection fell in the range of 2.5 × 106 to
4.5 × 106 photons/µm2. X-ray doses exposed to the frozen brain
samples were estimated using absorption coefficients of water
with attenuation length of 451 µm and density 1,000 kg/m3.
Estimated resolutions and X-ray doses can be found for each
measurement in Table 1. Safety considerations were performed
according to section “Safety Considerations for Tissue Handling.”

Immuno-Electron Microscopy After
Cryo-PXCT Imaging
Tissue blocks corresponding to Tomo 5 (Control human
brain) and Tomo 2 (Parkinson’s diseased human brain)
were selected for downstream cryo-ultramicrotomy and
immunogold labeling followed by imaging by electron
microscopy (Supplementary Figure 5). Tissue blocks were
mounted into the cryo ultramicrotome chamber and sectioned
at −100◦C, typical for cryo-immunogold labeling for electron
microscopy (Tokuyasu, 1986; Peters et al., 2006). Sections
of 70 nm thickness were created using a sectioning speed of
0.2 mm/s with a DiatomeTM “Cryo35” knife, without use of the
static ionizer. Sections were picked up from surface of the knife
using a DiatomeTM “Perfect Loop” with a droplet of solution
prepared by adding 2.3 M sucrose in phosphate buffer to 2%
methylcellulose 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 (Peters et al., 2006).

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 AURIONTM 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% AURIONTM BSA-c (product code 900.099), they
were immunolabeled using the following primary antibodies:
1 µg/ml of anti-VDAC1 (mitochondrial porin antibody, Abcam
ab14734), 2 µg/ml of anti-LAMP1 antibody (lysosomal marker,
Abcam ab24170), 5 µg/ml of anti-alpha-synuclein (LB509,
Abcam ab27766), or 10 µg/ml of anti- phosphorylated alpha-
synuclein (S129, Abcam ab59264). Sections on each EM grid
were subject to only 1 kind of antibody each (no multiple
labeling). Antibodies were diluted in a calcium-/magnesium-free
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PBS buffer containing 0.1% AURIONTM 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% AURIONTM BSA-c. Secondary immunogolds
(10 nm diameter, AURIONTM ImmunoGold reagents) were
incubated for 90 min at room temperature, then washed
with calcium-/magnesium-free PBS containing 0.1% AURIONTM

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 remove glutaraldehyde, grids were washed extensively with
calcium-/magnesium-free PBS, then 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 on a 4096 × 4096 pixel F416 CMOS camera
(TVIPS GmbH, Germany). Safety considerations were performed
according to section “Safety Considerations for Tissue Handling.”

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-automatically with
the use of the “Brush” and “Interpolate” tools. The neuromelanin-
containing organelles that appear as dark, dense globules could be
segmented by “Threshold” tool. The masking value was adjusted
until all neuromelanin-containing organelles were masked and
identified precisely, then were selected and assigned by “Select
Masked Material” tool for all slices. Unexpected selected regions
not corresponding to neuromelanin were deselected semi-
automatically afterward by using “Brush” and “Interpolate” tools.

After all structures were segmented and registered to their
appropriate materials (blood vessel, myelinated axon, etc.),
they were smoothed independently by locking other materials.
Afterward, smoothed materials 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 material without disturbing others. Afterward,

snapshots of 3D color-rendered surfaces and movies were created
for presentation.

Optical Microscopy Data Collection
Experiments were performed on 10 and 20 µm-thick formalin-
fixed paraffin-embedded sections of the midbrain containing
the SNpc, from 2 PD patients and 2 non-neurological
control subjects, including adjacent tissue sections from the
same PD brain donor as used for the cryo-PXCT and EM
studies (Table 2). First, an immunofluorescent staining was
performed using a primary antibody directed specifically against
Ser-129 p-aSyn (11A5, Prothena, 0.3 µg/ml, incubation
overnight at 4◦C), a secondary antibody coupled to an
Alexa 594 fluophore (Molecular Probes; art. no. A21203;
1/400 diluted; incubation 2 h at RT), and DAPI (1 µg/ml).
Afterward, a Bielschowsky silver staining protocol was
performed, according to the protocol previously described
(Litchfield and Nagy, 2001).

Sections were analyzed by brightfield and fluorescent
microscopy, which was performed using a Leica DM5000B
automated microscope (Leica Microsystems), equipped with
a Nuance camera (Nuance 3.02, Perkin Elmer Inc) for
multispectral imaging. Images were captured at wavelengths
ranging from 440 to 540 nm (for DAPI), and ranging from
580 to 720 nm (for p-aSyn) with HC PL APO 40 × 1.30
NA and HC PL APO 63 × 1.40 NA – 0.60 oil objectives.
The spectrum of autofluorescent signal was determined and
removed from the images. Brightfield images were subsequently
made at the same locations using the Nuance camera. In
addition, additional brightfield images were captured using a
Leica DFC450 camera with PL FLUOTAR 2.5 X/0.07 and HC PL
APO 10 × 0.40 NA objectives.
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