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Multilevel X-ray imaging approach to assess the
sequential evolution of multi-organ damage in
multiple sclerosis
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The 3D complexity of biological tissues and intricate structural-functional connections call for
state-of-the-art X-ray imaging approaches to overcome limitations of classical imaging.
Unlike other imaging techniques, X-ray phase-contrast tomography (XPCT) offers a highly
sensitive 3D imaging approach to investigate different disease-relevant networks at levels
ranging from single cell through to intact organ. We present here a concomitant study of the
evolution of tissue damage and inflammation in different organs affected by the disease in the
murine model for multiple sclerosis, a demyelinating autoimmune disorder of the central
nervous system. XPCT identifies and monitors structural and cellular alterations throughout
the central nervous system, but also in the gut, and eye, of mice induced to develop multiple
sclerosis-like disease and sacrificed at pre-symptomatic and symptomatic time points. This
study details the sequential evolution of multi-organ damages in the murine multiple sclerosis
model showing the disease development and progression which is of relevance for the
human case.
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disease, which results in a progressive damage to the

structures of the central nervous system (CNS). It is the
most common non-traumatic cause of neurological disability in
young adults, but its etiology is still uncertain. MS is a complex
and heterogeneous disease which presents variable clinical and
pathological manifestations: inflammation process involving
T cells, B cells, activated antigen-presenting cells and comple-
ment; demyelination, as a consequence of myelin attacked by the
immune system and/or death of myelin-producing oligoden-
drocytes; axonal and neuronal damage and loss!.

In the last decade or so, an increasing number of studies have
reported the involvement of the gut-brain axis in neurodegen-
erative diseases, emphasizing the possibility that gut alterations
lead to brain dysfunction, and suggesting that gut permeability
might be one causal factor of several such diseases, including in
particular Parkinson’s disease?. Although poorly described as yet,
gut inflammation leading to intestinal barrier alteration and
increased permeability has been reported in MS and its murine
model, experimental autoimmune encephalomyelitis (EAE), and
gastrointestinal manifestations are common in MS2. In EAE, a
histological study at 7 days post encephalitogenic challenge (prior
to clinical disease onset) demonstrated intestinal permeability at
ileum level in association with an infiltration of potentially
pathogenic T cells in the lamina propria3. In the context of the
temporality of gut versus brain inflammation in EAE, a recent
study in adoptive EAE showed that the transferred encephalito-
genic T cells infiltrated the colonic lamina propria, prior to the
CNS, in the pre-clinical phase of EAE, and were later seen to
reach the CNS of mice that had developed EAE symptoms.
Blocking the entry of these cells to the large intestine in the early
phase of EAE significantly attenuated the disease course and
expression?. In line with these observations, it is noteworthy that
demyelination, the hallmark of MS, has been observed con-
secutive to inflammatory bowel disease>.

A well-recognized predictor of MS is optic neuritis, which is
diagnosed in 75% of patients’. The eye is a unique window on the
brain, with the retina and optic nerve originating as outgrowths of
the developing brain. MS-related demyelination includes the
optic nerve and the retinal nerve fibers, in addition to the brain
and spinal cord. Optic neuritis has also been demonstrated in
EAE, associated with inflammatory cell infiltrates and optic nerve
atrophy®-10. Since axons in the optic nerves are closely connected
to the nerve fiber layer and ganglion cells, degenerative processes
involving the optic nerve might produce also retinal alterations,
consisting in thinning of the nerve fiber layer and ganglion cell
loss! 112,

X-ray phase contrast tomography (XPCT) provides a highly
sensitive 3D tool for the investigation of biological soft tissues,
without sectioning, staining or exposing samples to intense tissue
processing!3. XPCT enables a simultaneous biomedical imaging
of different structures, such as the vascular and neural
networks!4-16, and, most importantly, it generates a multiscale
image - ranging from the cell through to the organ as a whole —
that permits the study of the interaction of single element(s) with
the surrounding micro-environment!7-19,

Here, we present a multi-organ XPCT investigation in EAE
covering the CNS, gut, and eyes of mice, to monitor early imaging
indicators potentially acting as biomarkers of pathological pro-
cesses in these organs. This approach rests on a multiscale ana-
lysis of each organ detecting early appearance of alterations at
different phases of disease in different tissues. Therefore, the
longitudinal data obtained can permit an original evaluation of
the temporal progression of the disease in the different anato-
mical sites. The possibility to assess concomitantly the temporal
alterations in the different target organs, and eventually obtain

M ultiple sclerosis (MS) is an inflammatory demyelinating

quantitative data with sufficient samples tested, could serve to put
together imaging signatures that define progression states.

Results

To monitor disease development and uncover possible pre-
symptomatic disease-related structural and cellular alterations, we
used XPCT to obtain 3D images of CNS, gut and eye in EAE-
induced mice at different time points following immunization
with myelin oligodendrocyte glycoprotein peptide 35-55, span-
ning very early asymptomatic stage, i.e,, 3 days post induction
(dpi), to asymptomatic inflammatory phase (5/7 dpi) through to
disease onset (11-13 dpi).

XPCT allows direct detection of blood-CNS barrier disruption
in EAE. We first investigated the disruption of the blood-brain
and blood-spinal cord barriers (BBB/BSCB), which is a crucial
hallmark in the pathogenesis of MS and EAE. The impairment of
the barrier manifests as an alteration in its permeability which
favors subsequent infiltration of immune cells and immune
mediators into the CNS. We analyzed the brain and spinal cord in
naive mice as control and in EAE-induced mice, focusing on the
lumbar spinal cord region, which is first affected since the tem-
poral pattern of the EAE lesions exhibits a caudo-rostral
progression?’. Ex-vivo XPCT images were obtained of the
organs isolated from mice sacrificed at the selected time points.
Figure 1 demonstrates the progressive degeneration of the vas-
cular system through the appearance of “clouds”, visible as halos
around the vessels. These clouds are compatible with extravasated
material, which includes inflammatory cells and blood compo-
nents. The presence and the extension of the clouds can be
assumed as a criterion to assess the increasing BBB/BSCB per-
meability and, consequently, the ongoing inflammatory process.
Figure 1(a-d) shows representative tomographic images of a
sample of lumbar spinal cord in sagittal view for each time point
(naive, 3 dpi, 7 dpi, and disease onset). The tomographic images
have a voxel size of 3.05 x 3.05 x 3.05 um3. In order to highlight
the vasculature, we applied the maximum intensity projection
procedure (Methods). The different gray-levels correspond to
different densities inside the sample: structures with higher
density appear brighter than the surrounding tissue. We have
chosen to use non-perfused samples to preserve the blood com-
ponents inside them. Indeed, because of the presence of proteins
which bind and carry metals, such as hemoglobin, transferrin and
albumin, blood acts as an endogenous contrast agent, highlighting
the blood vessels and the extravasated material?!. The micro-
metric spatial resolution allows the visualization of the distribu-
tion of vessels with diameters ranging from 10 to 35 microns.

In all the samples, we can observe vessels arising from the
longitudinal anterior spinal artery, visible as a white stripe
running along the right vertical edge of the spinal cord. In the
lumbar spinal cord of EAE-induced mice at 7 dpi and onset
(Fig. 1c, d), these vessels appear surrounded by numerous clouds
of an intermediate level of gray, which are not observed in the
spinal cord of naive mice or of EAE-induced mice at 3 dpi
(Fig. 1a, b).

Quantification of vascular damage at different time points is
shown in the bar chart reported in Fig. le. We analyzed
n =3 samples for each group (naive, 3 dpi, 7 dpi, onset), defining
as damaged vessels those with clouds in their surroundings, such
as those highlighted in the insets of Fig. 1f, g and indicated by the
arrows. The vascular damage is thus expressed as the number of
the detected vessels surrounded by clouds over the total number
of visible vessels in the whole lumbar spinal cord region. At 3 dpi,
the first time point tested, damaged vessels are not visible. At 7
dpi, corresponding to an early inflammatory phase of the disease,
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Fig. 1 Blood-spinal cord barrier leakage and lesion in lumbar spinal cord. The images show X-ray phase contrast tomography (XPCT) imaging and
quantification of blood-spinal cord barrier leakage and lesion in lumbar spinal cord of experimental autoimmune encephalomyelitis (EAE)-induced mice.
a-d XPCT images showing the sagittal views of the lumbar spinal cord in a naive mouse (a) and in EAE-induced mice at 3 days post induction (dpi) (b), 7
dpi (c), and disease onset (d). In (¢) and (d) the vessels arising from the anterior spinal artery appear surrounded by numerous clouds of extravasated
material reflecting the intense blood-spinal cord barrier dysfunction in the EAE-induced mice. Scale bar = 500 pm. e Quantification of the number of
damaged vessels with respect to the total number of vessels in lumbar spinal cord samples of EAE-induced mice (n = 3 per group). The data are presented
as mean £ SEM. f, g XPCT images showing the axial view of lumbar spinal cord of EAE-induced mice at 7 dpi (f) and onset (g). The insets and the arrows
highlight the presence and the localization of clouds. At 7 dpi (f), vascular degeneration appears to involve vessels arising from the anterior spinal artery
(inset). In contrast, at onset (g) the lesion becomes more extensive, involving also vessels arising from minor arteries (arrows and blue inset). Scale
bar =200 pm. h Quantification of the number of damaged vessels over the total number of vessels, separately for vessels originating from the central
artery (orange) and for vessels originating from secondary arteries and venules (blue), in lumbar spinal cord samples from EAE-induced mice at 7dpi and
onset (n = 3 per group). The data are presented as mean + SEM. Clinical EAE score at the onset = 3. Images a-d, f, g were obtained as maximum intensity
projections of XPCT volumes (a-d over 150 pm; f, g over 100 pm). XPCT images were acquired in Experiment 1, reported in Methods.

about 10% of the vessels were damaged; this value increased to  arteries and venules, over time, we aimed at defining how vascular
55% at disease onset. alteration spreads in lumbar spinal cord. As mentioned above, at

By measuring vascular damage separately for vessels originat- 7 dpi, vascular degeneration largely involves vessels arising from
ing from the central artery and vessels originating from secondary  the anterior spinal artery, as seen in Fig. 1c, f, which present the
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sagittal and axial views of a representative 7 dpi lumbar spinal
cord, respectively. The zoom in Fig. 1f highlights the presence of a
small cloud (indicated by the arrow) close to a vessel originating
from the central artery. However, at that pre-symptomatic time,
lesions are not visible around vessels arising from other arteries or
venules. In contrast, at the onset of the disease, both vessels from
the central artery and vessels from the minor arteries appear
significantly damaged, as visible in Fig. 1d, g, showing the sagittal
and axial views of a representative lumbar spinal cord at onset,
respectively. The zooms in Fig. 1g highlight the presence of clouds
around numerous vessels (arrows). Note that the clouds are
mainly located at the base of the vessels.

Quantification of the number of damaged vessels measured
separately for vessels originating from the central artery and for
vessels originating from secondary arteries and venules is
reported in Fig. 1h. The vessels from the central artery appear
to be almost all involved in the inflammatory process from 7 dpi.
On the other hand, for vessels originating from secondary
arteries, we observe a sharp increase in damaged vessels from 15%
at 7 dpi to 50% at onset, reflecting how the lesion becomes more
extensive at this stage.

High resolution tomographic images (voxel size of
0.65 x 0.65 x 0.65 um?) allowed the visualization of the clouds as
including a large accumulation of cells localized around the
vessels (Fig. 2a), which would be commensurate with infiltrating
inflammatory T cells and macrophages typical of an EAE lesion.
The rendering reported in Fig. 2b provides a 3D morphological
description of the surroundings of this lesion, where the
structures of interest are segmented in different colors. We can
observe how the clouds of extravasated material (gray), which
include the infiltrating cells, completely surround the base of the
vessels (yellow). In the neural network, we could distinguish cells
with morphology commensurate with nonspecific neuron-like

cells and multipolar neuron-like cells, rendered in green and blue,
respectively.

The tomographic images and the 3D rendering of the spinal cord
displayed in Fig. 2c-f demonstrate the level of detail achievable with
micro-XPCT, which allows a thorough imaging of the micro-
environment at neuronal and vascular levels. Simultaneous 3D
visualization of these details, which provide the real surroundings of
the alteration point, is a specific prerogative of the XPCT technique.
Figure 2c shows cells located in the anterior horn of the spinal cord
compatible with neurons provided with processes, dendrites, or
axons. A 3D-rendering of the neuro-vascular micro-environment is
shown in Fig. 2d, where cells compatible with neurons (blue) are
surrounded by capillaries (yellow). The 3D representation empha-
sizes the distribution in space of the neural and vascular
components. As observed in Fig. 2e, f (white arrows), dashed
structures were detected, which could be compatible with neural
axons wrapped by sheaths of myelin, an extension of oligoden-
drocyte plasma membrane, periodically interrupted by the so-called
nodes of Ranvier. Of note, in Fig. 2e, the myelinated axon (white
arrow) seems to become less bright and to lose its periodicity as it
approaches the EAE vascular lesion (yellow arrow).

Along with the spinal cords, we measured brains dissected
from the same mice, to assess the anatomical progression of the
vascular damage throughout the CNS of EAE-induced mice.
Figure 3a shows the posterior brain region of a mouse at onset,
where cerebellum, brainstem, and cervical spinal cord regions are
visible. Tomographic images in Fig. 3b, ¢, which represent a
portion of brainstem and cervical spinal cord in coronal view,
respectively, demonstrate the presence of clouds and cell
accumulation (highlighted by arrows) in these sites at the clinical
onset. Although present to a lesser extent with respect to the
lumbar spinal cord region, BBB/BSCB damage appears to have
reached upper spinal cord and brainstem at clinical onset,

Fig. 2 Micro-environment of vascular lesions in lumbar spinal cord. High-resolution X-ray phase contrast tomography (XPCT) describes the micro-

environment of vascular lesions in lumbar spinal cord of an experimental autoimmune encephalomyelitis (EAE)-induced mouse at disease onset. a XPCT
image showing a portion of the lumbar spinal cord in coronal view. The arrow highlights the presence of a lesion with a large accumulation of cells around
vessels. Scale bar = 50 pm. b 3D-rendering of the micro-environment around the vascular lesion. The features are segmented with different colors: in white
the small cells surrounding the vessel (yellow), in green and blue morphologically neuron-like cells. Inset: schematic representation of the localization of the
vascular lesion of (a) and (b) in the spinal cord. The image was obtained by reprocessing the data used to produce a figure from our recent work?!. ¢ XPCT
image of star-shaped cells located in the anterior horn of EAE-induced mouse, compatible with neurons provided with processes, dendrites, or axons. Scale
bar =25 um. d 3D-rendering of star-shaped cells (blue) surrounded by capillaries (yellow). e, f XPCT images with well-visible dashed structures (white
arrows) compatible with axons wrapped by myelin sheath (scale bar =50 pm). In (e), near the lesion (yellow arrow) the dashed structure seems to lose its
periodicity and to become less bright (white arrow). Clinical EAE score at the onset = 1.5. Images a-c, e, f were obtained as maximum intensity projections of
XPCT volumes (a over 15 um; ¢ over 10 um; d, e over 10 um). XPCT images were acquired in Experiment 2, reported in Methods.
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Fig. 3 Vascular damage in brain and cervical spinal cord at clinical onset. X-ray phase contrast tomography (XPCT) shows vascular damage in
experimental autoimmune encephalomyelitis (EAE) brain and cervical spinal cord at clinical onset. a XPCT image showing a representative sagittal view of
cerebellum, brain stem, and cervical spinal cord of an EAE-induced mouse at disease onset. The yellow and green squares indicate respectively where the
lesions showed in (b) and (c) are located. Scale bar =500 pm. b XPCT image of a detail of the brainstem at EAE onset, with the presence of clouds
(indicated by the yellow arrow) at the base of the vessels (scale bar =50 pm). ¢ XPCT image showing coronal view of the cervical spinal cord of an EAE-
induced mouse at onset. Green arrows highlight the vascular lesions (scale bar =150 pm). Clinical EAE score at the onset =1.5. Images were obtained
as maximum intensity projections of XPCT volumes (a over 150 um; b over 80 pm; ¢ over 100 pm). XPCT images were acquired in Experiment 3, reported
in Methods.

7 DPI

500 pm

Fig. 4 Brain and cervical spinal cord at presymptomatic stages. X-ray phase contrast tomography (XPCT) images of brain and cervical spinal cord of
5 days post induction (dpi) and 7dpi EAE-induced mice. a Sagittal view of cerebellum, brain stem, and cervical spinal cord of a 5dpi EAE-induced mouse
(scale bar =500 pm). b Coronal view of a portion of the cervical SC of a 5 EAE-induced mouse (scale bar =200 pm). ¢ XPCT image of a detail of the
brainstem at 5dpi (scale bar =150 pm). d Sagittal view of cerebellum, brain stem, and cervical SC of a 7dpi EAE-induced mouse (scale bar = 500 pm).
b Coronal view of a portion of the cervical SC of a 7dpi EAE-induced mouse (scale bar =150 pm). ¢ XPCT image of a detail of the brainstem at 7dpi (scale
bar =100 pm). Images were obtained as maximum intensity projections of XPCT volumes (a over 130 um; b over 100 pum; ¢ over 80 pm; d over 150 pm;
e over 80 pm; f over 80 pm).

whereas vascular alterations in these regions are not observed at
pre-symptomatic time points (Fig. 4). These results corroborate
the temporal course of BBB dysfunction in EAE, with increased
permeability proceeding along from the lumbar spinal cord to the
brain2%-22, and confirm XPCT as a high-resolution technique able
to detect even subtle alterations of the blood barriers.

XPCT allows the detection of variations in cell density in ileal
villi in EAE. To investigate whether there is a temporal correla-
tion between CNS and gut alterations, we sought to identify
imaging markers for the inflammation processes that involve the
intestine of EAE-induced mice. To reveal changes between nor-
mal and pathological conditions, the gut morphology needs to be
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examined, but the complex geometry and structural convolutions
of the gut prevent the identification of sample features. Anato-
mically, the gut looks like a long tube of varying diameter with
flexible walls, folded several times on itself, as illustrated by 3D
rendering in Fig. 5a. To extract morphological details, we reduced
the geometrical complexity by virtual flattening. The gut cylind-
rical surface was mapped into a plane by means of flattening
algorithms described in Methods. These procedures allow the
visualization of structures otherwise very hard to recognize in the
3D volume. Figure 5b-d illustrate some morphological features of
the small intestine wall, displayed on 2D plane upon virtual
flattening. We can distinguish the thin longitudinal layer of
smooth muscle fibers belonging to the tunica muscularis (Fig. 5b),
cells compatible in shape, dimension, and location with neurons
of the myenteric plexus?32* (Fig. 5¢c), and blood vessels (Fig. 5d)
running along the tela submucosa.

XPCT does make possible the multiscale 3D imaging of the
tissues, ranging from the intestine as a whole (Fig. 5a) down to
the single cell (Fig. 5b), thereby overcoming the limitations of
histology/immuno-histochemistry. Indeed, although histology/
immuno-histochemistry provides very informative and resolved
2D images of biological tissues, it requires destructive sample
preparation to thin the sample down to hundreds of microns and
subsequently restricts spatial coverage within a finite depth.
However, in contrast to immuno-histochemistry which identifies
a cell through its staining of markers recognized by specific
antibodies, XPCT cannot identify a cell other than through its
morphological aspect, together with its location. Nevertheless,
XPCT can reproduce in 3D the morphological features visible in
the histological sections with a similar spatial resolution. The
comparison between a hematoxylin-eosin stained histological
section and an XPCT image of villi from a naive mouse ileum
(Fig. 5e, f, respectively) demonstrates that XPCT can indeed
achieve histology-like resolution. A 3D rendering from XPCT
data of an ileal villus is shown in Fig. 5g, where blood vessels are
segmented in red, lymphatic canals in blue and cell nuclei in
yellow.

In some models of EAE3, intestinal barrier permeability,
together with morphological alterations, was observed already at
7 dpi and was associated with an increase in potentially
pathogenic T cells infiltrating the gut lamina propria®?°. In
order to identify an imaging marker of EAE detectable with
XPCT, we measured the density of cells located in this area,
limited to the region of the villi, at different time points of the
disease, i.e., 3 dpi, 7 dpi and EAE onset. We define cell density as
the number of cells detected per unit volume.

Because XPCT does not allow the identification of specific cells,
if not for morphological or location considerations, to exclude
epithelial cells and select only the cells located in the lamina
propria we quantified the variation over time in cell density in the
area delineated by the red line in Fig. 5h, which shows a 3D-
rendering of a villus segmented to highlight the spatial
distribution of cell nuclei (in yellow) inside the volume.

We analyzed n=2 ilea for each time point in EAE-induced
mice (3 dpi, 7 dpi, EAE onset) or naive mice. Measurements of
cell density were performed on approximately 20 villi per ileum.
Quantification of cell density is shown in Fig. 5i, where we
observe an increment at clinical onset.

However, because of the large variability we have detected in
the villi population of a single mouse and among different mice,
we do not claim to have obtained conclusive results. To achieve
statistical significance, it will be necessary to measure more
samples so as to limit the variability effect. Nevertheless, our
results indicate that XPCT and the described procedures are fully
suitable to perform both qualitative and quantitative investiga-
tions at high resolution.

XPCT reveals inflammatory infiltrates and atrophy of the optic
nerve at EAE onset. Visual deficits are relevant symptoms in MS
and EAE. Neuropathological alterations in the retina and the
optic nerve occur, including thinning of retinal fiber layers, losses
in retinal ganglion cells, demyelination and activation of micro-
glia and astroglia, and inflammatory cell infiltration.

The accessibility of the retina through advanced non-invasive
ocular imaging techniques makes it a potential convenient site for
the research and diagnosis of diseases affecting the CNS. For this
reason, it is essential to identify imaging markers in the eye and to
temporally correlate them to the progression of the disease in the
other relevant anatomical sites.

Figure 6a, b show XPCT images of the optic nerve in
longitudinal view, near the point where it enters the retina,
partially visible at the top of the images, in a naive mouse (Fig. 6a)
and an EAE-induced mouse (Fig. 6b). The dashed lines define the
location of the axial sections reported in Fig. 6¢ and d. In both
longitudinal and axial view of the EAE optic nerve (Fig. 6b, d),
XPCT reveals clear alterations represented by large accumulations
of inflammatory cell infiltrates (highlighted by the arrows)
compatible with the occurrence of optic neuritis. Moreover, the
longitudinal view in Fig. 6b clearly shows atrophy of the optic
nerve.

The XPCT technique provides a feasible means to detect the
structure of blood vessels, and we are interested in studying the
vasculature of the eye over an area as large as possible. Blood
vessels in the eye are confined mainly within very thin spherical
layers and optimal visualization of this vascular network is
possible only upon virtual flattening. Moreover, deformations can
occur upon embedding the samples in the media, as seen in
Fig. 6e, which shows a section of naive mouse eye imaged by
XPCT. The outer layers of the eye collapsed onto the lens (the
circular shape structure in the center) and curled up since the
vitreous contained within the eye dried out. Therefore, to
investigate the ocular vascularization, virtual flattening proce-
dures are mandatory. Once the spherical surface of the eye has
been virtually flattened, the different layers can be studied by
simply performing virtual slicing parallel to the plane of the
layers. Representative results of virtual flattening, performed by
means of algorithms described in Methods, are shown in Fig. 6f,
g, which show a lateral section of the retina and the en face
surface of the choroidal layer, respectively. The choroid (Fig. 6g)
is a highly vascularized structure that separates the sclera from
the retina. XPCT images were quantified and we measured the
diameter of the visible vessels, which ranged from 5 to 20
microns.

Unfortunately, the eye samples in this study were only available
to assess EAE onset vs naive status, and the comparison with
intermediate time points was not possible. Nevertheless, as CNS
pathology in EAE progresses in a caudo-rostral fashion with time
and we did not detect any damage in the brain at pre-
symptomatic time points, we would expect that this also applies
to disease progression in the eye at the same time points. While
the message of this report is intended to be that of demonstrating
the power of XPCT in assessing fine alterations concomitantly in
different organs, we have an ongoing larger study including
intermediate time points for the eye to provide a definitive
biological message.

Sequential evolution of pathological alterations of EAE over
time in the investigated anatomical sites. We have monitored
pathological features of EAE at pre-symptomatic and/or early
stages of the disease in each of the considered anatomical regions,
i.e, brain, spinal cord, gut, and optic nerve. The observed
alterations are of different nature and appear at different time
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Fig. 5 Multiscale imaging of mouse gut and cell density in lamina propria of ileal villi. X-ray phase contrast tomography (XPCT) enables multiscale
imaging of mouse gut with histology-like resolution and quantification of cell density in lamina propria of ileal villi. a 3D-rendering of a whole mouse gut
from a naive mouse imaged with XPCT. b-d XPCT images of the layers of gut wall obtained after virtual flattening of the ileum of an experimental
autoimmune encephalomyelitis (EAE)-affected mouse. b Tunica muscolaris; ¢ cells compatible in size, morphology, and location with neurons of the
myenteric plexus2324 (arrow); d vessel (arrow) running along the tela submucosa. e Hematoxylin-eosin stained histological section and f XPCT image of
ileal villi of an EAE-affected mouse. The XPCT image was obtained as maximum intensity projections over 5 um. Scale bar =50 pm. g 3D-rendering form
XPCT data of a villus from the ileum of an EAE-affected mouse; blood vessels are segmented in red, lymphatic canals in blue, and cells in yellow. h 3D-
rendering of the cells inside the volume of a villus from the ileum of an EAE-affected mouse; the area outlined by the red line roughly corresponds to the
region of the lamina propria. i Box plot of cell density calculated as the ratio of the number of cells counted in the lamina propria to the volume occupied by
this structure in the villus (20 villi per n=2 mice per time point). Mean values are indicated by white spots and outliers are presented as black spots.
Clinical EAE score at the onset =1.5. XPCT data were acquired in Experiment 2, reported in Methods.
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Fig. 6 Pathological alterations in optic nerve. X-ray phase contrast tomography (XPCT) shows pathological alterations in experimental autoimmune
encephalomyelitis (EAE) optic nerve and allows the visualization of ocular vascularization. a-d XPCT images showing the longitudinal (a, b) and axial (¢, d)
views of the optic nerve in a naive mouse (a, ¢), and an EAE-induced mouse at disease onset (b, d), where large accumulations of inflammatory cell
infiltrates (arrows) compatible with the occurrence of optical neuritis are visible. The dashed lines in (a, b) illustrate the location of the axial sections (c, d).
Scale bar (a, b) =100 pm. Scale bar (¢, d) =50 pm. e XPCT image showing a section of ocular bulb from a naive mouse. Structural deformations due to
sample preparation in paraffin are visible. Scale bar = 200 pm. f, g Representative results of virtual flattening of a naive mouse eye: lateral section of retina
(f) and the en face surface of the highly vascularized choroidal layer (g). Samples presented in a-d and g were embedded in epon, whereas samples
presented in e and f were embedded in paraffin. Clinical EAE score at the onset = 2.5. XPCT images were acquired in Experiment 4, reported in Methods.

points, depending on the location. In the CNS, we observed the
impairment of the vascular system through the appearance of
clouds revealing the presence of extravasated material due to the
pathological increase in BBB permeability; in the gut, XPCT
permitted the monitoring of cellular infiltrates increasing over
time from disease induction to onset; at the level of the optic
nerve, a large accumulation of infiltrating cells and atrophy were
detected at onset. Figure 7a summarizes with a visual schemati-
zation the results obtained through XPCT. In the lumbar spinal
cord and gut, pathological alterations (PA) were identified as
early as the pre-symptomatic stage (spinal cord, 7 dpi; gut, 5 and
7 dpi), whereas changes appeared at a later time in the brain
(onset; no changes were detected at earlier time points, see Fig. 4),
as expected.

Since we handle heterogeneous data that describe the PA
through the quantification of the presence of distinctive markers
as described above, to compare the extent of PA involving the
different organs we introduced the parameter, referred to as PAr,
being the ratio of PA at a certain time point over PA at the onset
(see Methods). The PA has been calculated as the percentage of
damaged vessels in the CNS, and in the gut as the variation in cell
density with respect to the control.

In Fig. 7b, we show the spatial distribution of PAr revealed by
XPCT at 7 dpi in the CNS and gut, to emphasize the appearance
of imaging markers of EAE as early as the pre-symptomatic stage.
At this time point, the PA reflected by the imaging markers of
BBB permeability is not yet visible in the brain. At the same stage,
however, we observe that both the spinal cord and the gut exhibit

some grade of PA expressed through PAr. While it is not
surprising to observe changes in the spinal cord already from a
pre-symptomatic stage, it is relevant to note that alterations in the
gut at that time point are already observed, corroborating and
reinforcing the findings of a previous 2D study®. In this
framework, Fig. 7c depicts the temporal distribution of PA,
expressed as PAr, appearing in the gut; thus, PA, already
appreciable in the pre-symptomatic stages as early as 5 dpi,
increase further at clinical onset.

Discussion

Here, we present a 3D multi-organ longitudinal study of tissue
alterations that occur in different potential target organs
throughout EAE, the experimental model for multiple sclerosis,
and which we were able to describe and follow by XPCT. This
technique allowed us to analyze the organ as a whole, which is not
possible with 2D techniques such as immunohistochemistry nor
with conventional 3D imaging. Thus, the possibility to assess the
disruption of the BSCB as a whole organ enabled the observation
of leakage from the vessels originating from the central artery
already at 7 dpi, whereas the vessels originating from the lateral
arteries were considerably less involved. At disease onset, the
leakage in the spinal cord appeared massive, commensurate with
the appearance of clinical signs, which at early stages are asso-
ciated with vasogenic oedema?%26. Permeability of the BBB was
originally assessed with 2D techniques through detection of
extravasated plasma proteins?® or tracers, such as FITC-labeled
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Fig. 7 Multi-organ investigation and temporal assessment of imaging markers at early stages. The figure shows the results of the multi-organ
investigation and temporal assessment of experimental autoimmune encephalomyelitis (EAE) imaging markers at early stages. a Representative X-ray
phase contrast tomography (XPCT) images and/or rendering of the multi-organ investigation of EAE at pre-symptomatic stage and at the onset. The
arrows highlight the presence of alterations. In the brain, the degenerative process involves vascularization as well as in the spinal cord. In the gut and optic
nerve, we detected imaging alteration through an increase in cellular infiltrates. The image for the optic nerve at the pre-symptomatic stage was not
included because samples at this stage were not available. b Graphical representation of spatial distribution of PAr at 7 days post induction (dpi)

(n =2 samples for brain, n =3 for spinal cord, n = 2 for gut). Optic nerve results were not included because samples were not available for this time point.
¢ Distribution over time of the appearance of imaging markers for the gut in EAE-induced mice (20 villi per n = 2 mice per time point). Clinical EAE score at

the onset=1.5, 3, 1.5, 2.5.

high-molecular weight dextran that can be seen as fluorescent
clouding of the vessels®’-?8, or through examination of vascular
changes and leakage in the CNS by immunostaining tissue slices
for the endothelial marker CD31 and fibrinogen?® or tight
junction proteins3). The latter technique enabled the demon-
stration of BBB damage as early as 4 dpi. However, 2D techniques
do not permit the evaluation of the whole organ, and immuno-
histochemistry in particular requires considerable processing
which can be fraught with artefacts. Accordingly, in the last
twenty years or so, studies have used 3D techniques such as
magnetic resonance imaging (MRI) to assess the BBB/BSCB in
EAE. Through MRI, Schellenberg et al. observed a greater con-
trast enhancement in peripheral regions of the spinal cord in mice
with symptomatic EAE3!, as we observed by XPCT in mice
immunized for EAE four days before clinical onset. The authors
state that MR images in mice obtained at two days prior to
clinical onset did not show any contrast enhancement, which,
together with our XPCT data, suggests that MRI might not be as
sensitive a technique as XPCT to follow the appearance of BSCB
permeability. In another, relapsing-remitting, adoptive transfer
model of EAE in mice, increases in barrier permeability was
monitored in the CNS by molecular MRI using a gadolinium-
based MRI probe that binds to fibrin; fibrin deposition was clearly
observed at disease onset, increasing as disease progressed, and
preceded cellular extravasation32. Unfortunately, the study did

not include pre-symptomatic stages. In Lewis rats with
acute monophasic EAE, gadolinium enhancement preceding
cellular extravasation was also observed from clinical onset;
no difference was seen in pre-symptomatic rats compared to
control rats?2.

Interestingly, the molecular MRI technique also permitted the
detection of fibrin deposits in the optic chiasm and optic nerve at
disease onset32. Very few studies report longitudinal MRI ana-
lyses of the visual tract in EAE, and it is also generally not used to
study the optic nerve or retinal lesions in MS. Nevertheless, MRI
analysis in guinea pig EAE suggests that damage to the blood
optic nerve barrier occurs early after disease induction, prior to
clinical onset33. In the present study, XPCT of the optic nerve of
EAE-affected mice enabled the clear visualization of a massive
inflammatory lesion in the optic nerve, accompanied by nerve
atrophy; such observations have only been made previously in
EAE with 2D histology techniques3+3°, with some evidence of
inflammation and demyelination already at 7 dpi3°. Analysis of
optic nerve damage is most often performed in MS using optical
coherence tomography. In EAE, it has permitted the monitoring
of retinal changes to predict neuronal loss at the chronic phase3’.
However, optical coherence tomography does not enable the
visualization of infiltrating cells such as we see with XPCT.
Although the number of eyes measured is not enough to enable
robust statistical analysis, the scope of this study was to obtain a
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proof-of-concept that XPCT would yield high-quality images of
different organs that would permit quantitative analysis for a
reliable multi-organ assessment of EAE progression. A larger
experiment including a larger number of samples to provide
significant biological information is ongoing to enable us to
determine the temporal pathological onset and the organ in
which it initiates. Complementary techniques, such as X-ray
microdiffraction®® are also scheduled to provide additional
structural information.

Although it is now recognized that gastrointestinal manifes-
tations are frequent in MS, and gut inflammation has been
described in EAE, little is known as yet about the structural and/
or cellular alterations in the gut of EAE animals. Nevertheless, a
decrease in intestinal barrier integrity, together with morpholo-
gical alterations, was observed in mice induced for EAE prior to
clinical disease onset® and our recent publication3®, which com-
bined XPCT and immunofluorescence analysis, reported mor-
phological alterations accompanied by infiltration of
inflammatory cells in mice with ongoing disease3®. In the present
study, 3D XPCT permitted the clear visualization of the massive
cellular infiltration in the villi. Although we had observed cellular
infiltration of the villi by immunofluorescence in ongoing
disease3?, XPCT enabled us to obtain a more pertinent quanti-
tative evaluation based on the 3D volume of the villi and
therefore a longitudinal monitoring of cellular infiltration, which
showed a peak at clinical disease onset and had decreased four
days after. Such data are possibly commensurate with the
observation that, in EAE induced by adoptive transfer of ence-
phalitogenic T cells, these cells infiltrate the gut lamina propria at
an early stage of EAE when they are not detected in the CNS, but
can be traced to the CNS at a later stage, when they have
decreased in the gut.

In conclusion, in this work we describe the sequential evolution
of damage in different organs within a murine model of MS
showing how and where the disease develops and progresses,
which is of obvious relevance for the human case. These results
also demonstrate the power of the XPCT technique, which, being
able to image on equal footing all tissues, including those clas-
sically considered invisible, allows for a multi-organ analysis
without the use of contrast agents. Moreover, the possibility to
image the whole organ down to the single cells in a multilevel
approach is of great value with respect to the other techniques
routinely used for these studies.

Methods

EAE induction and sample preparation. Female C57BL/6 ] mice, 6 to 8 weeks old,
weighing 18.5 g purchased from Harlan Italy, were immunized as described
before0 by subcutaneous injection (200 ml total) at two sites in the flank with an
emulsion of 200 mg myelin oligodendrocyte glycoprotein peptide 35-55 (Espikem)
in incomplete Freund adjuvant (Difco) containing 600 mg Mycobacterium tuber-
culosis (strain H37Ra; Difco). The mice were injected (100 ml total) in the tail vein
with 400 ng pertussis toxin (Sigma-Aldrich) immediately and 48 h after immuni-
zation. The mice were scored daily for clinical manifestations of EAE on a scale of
0-5%, and sacrificed by CO, inhalation at different time points, before and at the
onset of clinical manifestations (around day 11 after immunization), with a clinical
score of 2.3 £ 0.9. Samples obtained consisted of brain (EAE-induced mice at 3 dpi,
7 dpi, and disease onset; naive mice), lumbar/sacrococcygeal (L1-S4) spinal cord
(EAE-induced mice at 3 dpi, 7 dpi, and disease onset; naive mice), gut (EAE-
induced mice at 5 dpi, 7 dpi, and disease onset; naive mice) and eyes (EAE-induced
mice at disease onset; naive mice). Mice were not perfused to preserve the blood
inside the vessels?!. Further preparation steps were required depending on the
experimental conditions under which they were to be measured.

All animals were housed in pathogen-free conditions and treated according to
the Italian and European guidelines (Decreto Legislativo 4 marzo 2014, n. 26,
legislative transposition of Directive 2010/63/EU of the European Parliament and
of the Council of 22 September 2010 on the protection of animals used for scientific
purposes), with food and water ad libitum. The research protocol was approved by
the Ethical Committee for Animal Experimentation of the University of Genoa
(Prot. 319).

Preparation for CNS samples for XPCT experiment 1. Lumbar/sacrococcygeal
(L1-S4) spinal cords from naive and EAE-induced mice at 3 dpi, 7 dpi and clinical
onset (n =3 for each group) were fixed in 4% paraformaldehyde for 24 h, then
stored in 70% ethanol until XPCT. Just before the measurements, the samples were
embedded in agarose gel, which keeps them hydrated and prevents radiation
damage and movement during the experiment.

Preparation for CNS and gut samples for XPCT experiment 2 and 3. Lumbar/
sacrococcygeal (L1-S4) spinal cords, brains, and ileum samples from naive and
EAE-induced mice at 3 dpi, 7 dpi and clinical onset (n =2 for each group) were
dehydrated through a graded ethanol series (70/95/100%), put in propylene oxide,
and included in paraffin.

Preparation for eye samples for XPCT experiment 4. Eyes with optic nerve from
naive and EAE-induced mice at the onset were embedded in paraffin and in epon.
n =2 samples for each group (naive and EAE) were dehydrated through a graded
ethanol series (70/95/100%), put in propylene oxide, and included in paraffin. The
remaining samples, also in this case n =2 for each group, were instead fixed in
glutaraldehyde (2.5% in 0.1 M cacodylate buffer, pH 7.4 TA; 2 h), postfixed in
osmium (1% in 0.1 M cacodylate buffer, pH 7.4; 2h) and uranyl acetate (1% in
water; overnight), dehydrated through a graded ethanol series (70/96/100%), put in
propylene oxide, and embedded in resin (Propylene + EPON) at 42 °C overnight
and for 48 h at 60 °C. It was found that resin embedding helps to better preserve the
integrity of the eye shape.

Experimental set-ups. The XPCT experiments were performed (1) at the medical
beamline ID17 of the European Synchrotron Radiation Facility (ESRF, Grenoble,
France), (2) at the ANATOMIX beamline of Synchrotron SOLEIL (Paris, France),
(3) at I13-2 beamline of Diamond Light Source (Didcot, UK) and (4) at SYRMEP
beamline of Elettra Synchrotron (Trieste, Italy) in free-space propagation mode!.

(1) Data acquisition at ID17 was carried out using monochromatic incident
X-ray beam with an energy of 35 keV. The sample-detector distance was set at
2.3 m. The detector had an effective pixel size of 3.05 um 4243, The tomography was
produced by means of 2000 projections covering a total angle range of 180°. The
acquisition time for each angular position was 300 ms. Data preprocessing, phase
retrieval and tomographic reconstruction were performed with SYRMEP Tomo
Project software and optimized scripts.

(2) The XPCT experiment at ANATOMIX beamline was performed with a
filtered white beam peaked around 20 keV. The measurements were performed
with an effective pixel size of 3.08 um and 0.65 pm, resulting from 2x and 10x
optics coupled with Orca Flash 4.0 camera (sensor type CMOS, sensor array size
2048 x 2048, pixel size 6.5 micron 16-bit nominal dynamic range). The propagation
distance was set at 0.2 m and at 35 mm respectively. The experiment was carried
out recording 4000 projections in extended field-of-view (FOV) mode, an
experimental procedure of acquisition which allows to almost double the effective
horizontal width of the FOV of the detector. The rotation axis is moved close to
either left or right side of the FOV and a dataset of projections, having size equal to
the detector FOV, is collected over 360°. After properly stitching the sinograms, the
reconstruction procedure can be performed as usual. The exposure time was
100 ms per projection. Data pre-processing, phase retrieval and tomographic
reconstruction were performed with PyHST software package.

(3) The experiment at I113-2 beamline used X-ray filtered-white beam peaked
around 27 keV. The propagation distance was set at 0.10 m. Images were detected
with a PCO.Edge 5.5 (sSCMOS-technology, 2560 x 2160 pixels, 6.5 um voxel size
and a 16-bit nominal dynamic range), coupled with a scintillator screen and 1.25x
optics resulting in a total magnification of 8x due to the setup configuration. The
effective pixel size was 2.6 um. Tomography was performed acquiring 4001
projections, with an exposure time of 150 ms per projection. Data pre-processing,
phase retrieval and tomographic reconstruction were performed with SAVU, the
tomographic data processing tool developed at Diamond Light Source Ltd.

(4) The XPCT experiment at SYRMEP, Elettra, was carried using pink beam
with a mean energy of 24keV. The sample-detector distance was set at 150 mm.
Images were detected with a sSCMOS camera (Hamamatsu C11440-22C-Flash4.0
v2). The effective voxel size was 0.9 x 0.9 x 0.9 um3. The tomographic data were
produced by means of 3600 projections covering a total angle range of 360°, in
extended-FOV mode. After properly stitching the sinograms, the reconstruction
procedure has been performed as usual. The exposure time was 100 ms per
projection. Data preprocessing, phase retrieval and tomographic reconstruction
were performed with SYRMEP Tomo Project software and optimized scripts.

In all the experiments, phase retrieval was performed by using Paganin’s
algorithm#4, since we acquired a single defocused image per angle in free-space
propagation, and radiation wavelength and material density met the requirements.
This method allows the simultaneous extraction of phase and amplitude of the
wave as the ratio of the phase term over the absorption term.

In the gray scale of the tomographic images, white corresponds to higher
density structures and black to lower density structures.

Tomographic reconstruction of the 3D volumes was performed from the phase-
retrieved angular projections using the Filtered Back Projection algorithm, as we
collected a large number of projections for acquisition.
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Image analysis. Image analysis and segmentation were performed using ImageJ*°.
3D rendering images were obtained using the high-end software VGstudio Max.
Before extracting qualitative and quantitative information, images were pre-
preprocessed to eliminate or mitigate artifacts due to experimental conditions or
computational reconstruction. Ring artifacts were removed by an improved fre-
quency filtering®e.

To enhance the contrast and visualize structures developing in 3D and therefore
lying on different tomographic slices, we exploited the z-projection of maximum
intensities, which consists in projecting on the visualization plane the voxels of a set
of continuous slices. Each pixel of the output image contains the maximum value
found along the axis perpendicular to that pixel.

To assess the percentage of damaged vessels, spinal cord blood vessels and
clouds of extravasated materials were counted in the XPCT images though manual
steps performed under expert supervision (author FP).

Since cells, particularly cell nuclei, appear as very bright objects within the
tomographic volume, segmentation of cells located in intestinal villi was performed
on the input XPCT images by applying an intensity threshold. Cell quantification
was carried out using the 3D object counter Image]’s plug-in?” on the binary
images.

To flatten the 3D surfaces of gut and eye, we exploited an algorithm that we
recently developed*$, based on conformal mesh parameterization, and
SheetMeshProjection Imagej plug-in ref. *°, which use a coarsely spaced mesh to
capture the surfaces of object.

As demonstrated, XPCT images are well suitable for quantitative analysis. With
the perspective of increasing the number of samples to have biological significance,
image analysis and segmentation will need an automated approach through the use
of machine learning algorithms, that allow for rapid processing of large amounts
of data.

Assessment of PA at different time points in different organs. We introduced
the PA ratio (PAr) as parameter to compare the extent of alterations at the different
anatomical sites, since we identify imaging markers of diverse nature to describe
the alterations due to EAE. PAr is defined as

PA ata certain time point
PA at the onset

where PA has been calculated as the percentage of damaged vessels in the CNS, and
in the gut as the variation of cell density with respect to the control. PAr can be
considered a measure of the intensity — for each organ - of PA detected at a given
time point compared with PA measured at onset; it is a dimensionless parameter
that sets as 1 the value at disease onset.

PAr =

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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