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Introduction

In the lastdecadesthe advancements of microscopes technology, together with the
development of new imaging approaches, are trying to address some biological
guestions that have been unresolved in the pasexample, the need to combine in the
same analysis temporal, functional and morphological information on the biological
sample has started to be pressing. Another crucial point to consider is the possibility to
study samples with the nanometric resolutof electron microscopy together with their
threedimensional context.
For this reason, the use of correlative microscopy, in which two or more imaging
techniques are combined in the same analysis, is getting increasingly widespread. For
example, in tb case of those pathologies whose hallmarks are confined in few regions
into tissues, the possibility to apply a correlative imaging approach is of great interest. It
is indeed possible to select volumes of interest for a further and more focused
charactaeation. However, sample preparation for correlative microscopy can be
demanding, and appropriate protocols must be optimized.
In this thesis, | shall describe the results on the development of a new correlative
imaging approach between -rdy computed miotomography (micreCT) and
transmission electron microscopy (TEMwill then report the results of studies based
on TEM and on thepplicationof this new correlative approadb the analysisof
neurodegenerative disorders. | will focus part of tiiesis on the optimization of
sampla embedding protocols for this correlative approach, and | will describe sbme
its variants.
The outline of this thesis is the following:
- Chapter 1 In this chapter,| will discus the basis of the techniques | uséaill
provide an overview on correlative microscopy, illustrating advantages and

difficulties. Then, | will focus on the problem difireedimensional information



lacking when ultrastructural analysis are performed. | will describe techniques and
instrumentsavailable to solve this issue, and then | will introduce the principles of
the correlative technique | developed and optimized during mi.Rtork: the
micro-CT/TEM. Finally, | shall describe the instruments involved in this correlative
technique, to guielreaders through a clear comprehension of the entire work.
Chapter 2 This chapter contains the general description of protocols and methods
used in this thesignd the use of some of these is exemplibigdlescribing their
application to a issue of biomedical interest. Itdirst part focuseson the
optimization of protocolsfor sampleembedding for correlative micit@T/TEM.

After an introduction on procedures for fixation, staining and embedding of samples
for electron microscopy analysis, | will detier stepby-step the modification of
protocols depending on sample size andrphology In the second part, | shall
review the development of the correlativmicro-CT/TEM, applied on samples
prepared with the optimized protocols.

Chapter 3 This chapter antains results and discussion on experiments performed
on a Krabbe disease model. Fidstyill display the power of the mick@T/TEM
approach for identification and selective characterization of volumes of interest
within a tissue infiltrating immune cls, hallmarks of Krabbe disegs&iithin

sciatic nervesThen,| will describe the TEM characterization of the lower motor
system of the Twitcher mouse, model of Krabbe disease. In particular, this extensive
analysis is focused on early and late pathokigatages. In those animals, the
analysis of spinal cord, sciatic nerve and gastrocnemius muscle have revealed new
evidences on the pathology progression and cells types involved, as well as a
possible mechanism of rescue never described before.

Chapter 4 | will discussthe original results of the novelorrelative micre
CTl/electron microscopgnalysison a neuraegenerative disease. The technigsie

very useful in case of diseases whose hallmarks are localized in confined regions of
the tissue instead teing uniformly diffused within. In Multiple Sclerosisnmune

cells migrate from the circulatory system towards the nervous tissue, forming
enclosed inflammatorfoci, which could be observed in micit@T reconstructions

and finally analyzed with electromicroscopy. In this chapter, the application of

this correlative approach will be described, and in particular | will focus on the use
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of focused ion beam scanning electron microscopy (FEEM) as sectioning
method combined with electron microscopy iinag

Chapter 5contains some additional researches carried out during iy Rbrk. |

shall show the capabilities of the phase contrast imaging with the synchrotron
radiation, compared to the absorption mode one. Both the 4@itrmodes would

be correla¢éd with other microscopy methods, obtaining specific advantages.
Moreover, | will display results on the development of new contrast agents of the
circulatory system for mick€T, which have the capability to label those sites into
tissues where immune &elaccumulate, moving from the blood stream in the so
called extravasation process.

After a chapter dedicated to conclusionsAppendix Aand Appendix Btwo side
projects | have been working on during my Ph.D. work are reported. In particular, in
Appendx A, | shall show the results concerning the development of a new uranium
alternative staining compound for TEM characterization. Being under patenting
revision, results can be only partially shown. Appendix B, | will report
preliminary results conceimg the study of the effect of the fixation on the
micrometric and suimicrometric structures of myelin, analyzed with rotating
Polarization Coherent Anti Stokes Raman Scattering-GRRS) microscopy.
Finally, in Appendix A will provide information omeagents and solutions used for
the experimentsand in Appendix Dthe list of abbreviationdp which readersan

refer.
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Chapter

Correlative Imaging Techniques

In the last decades, imaging approaches for biological studies have viewed incessarteatents.

The need to combine information achievable with different techniques in a unique study has become
increasingly pressing. These approaches are name
firstly conceived in the late 1960s.

In this chapte | will review the most important correlative imaging approaches for the study of
biological samples; in particular | will focus on the combination of imaging techniques to solve the

issue of third dimensional information lacking in analysis at higgoltion, which is the main topic of

the entire work here presented.

Nowadays, several imaging techniques are available for the study of biological samples

at different resolutions, and each of those has its own advantages and limits, giving
information that other techniques cannot furnish. However, the combination of more
imaging methods in the same analysis,theso!l | ed fAcorrel ative mic
can overcome single technigtelated limits. The correlative light and electron
microscopy (CLEM), for example, can gather information on localization and activity of

few specific molecules on suhicrometer and temporal scaledth the ultrastructural

context of where they are performing their functions.



1.1 Correlative microscopy

The correlation of two or more imaging techniques to capture the same structures within
the sample in a unique analysis has the aim of gaining additidoamation and/or
compare results obtained with the different imaging methods separately. Ideally, the
imaging techniques used with this purpose have different resolutiorffimits

Light microscopy (LM) and electron microscopy (EM), for instance, hava bkeays
considered as two separated techniques that cannot be blended in the samé. analysis
The idea of correlating diffent microscopy techniques has been described for the first
time by McDonald and Hayes in 1968owever, only in the last two decades, thanks to
advancements in the instrumentechnology (microscopes, cameras, computers,
software), as well as to improved probes for immune assays, this new approach has been
applied extensivef(Figure 1).

One of the main goals in biology is to understand how the morphology is related to the
function. To achieve an even more complete knowledge of biological processes in the
context of samples architecture, the application of correlative microscopy is a successful
approach.

For example, while LM gives access to information on the timing of a specific process,
even if with lowresolution compared to the one achievable with, BY! allows the
analysis of the ultrastructure of sections of fixed samm@gsvivoand ex vitrg with a
resolution down to few nanometers, but lacks of the temporal information. On the other
hand, the imaging of samples sections {timensionality, 2D)with transmission
electron microscopy (TEM) misses the knowledge on the -tlimensional (3D)
organization of the whole tissue or organ. Ultrastructural details are seen in context of
cell, tissue, organ environmént With fluoresence microscopy (FM) it is possible to
identify labelled molecules within cells, but the context in which they are localized

remains invisible and it can be studied only with EM technfjues
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Figure 1. Literature analysis of number of papers published on correlative microscopy

Although the correlative microscopy approach has been described for the first time in the late 60s, only
in the last decades it has been applied and discussed in hundreds of papers. Interestingly in 90s, even
though correlative microscopy started to lesatibed wider, its growing application has been slowed
down by technological limits that only in the ®2icentury were overpassed by technology
advancements, in particular in the field of microscope instruments and labelling probes for
fluorescence micrasopy. Sour ce: Al -SNe bWeld &fcilkmawloedge

1.1.1 Challenges in correlative microscopy

Correlating imaging techniques can be very demanding. In 1974, Geissinger gave the

first description of the main challenges of correlative microstopy

- sample preparationsamples have to be compatible with all thegimg methods
involved.

- visualization:the same area of interest has to be analyzable with all the imaging
modes.

Forty years later, despite of technological advancements, these points still need to be

considered in settingp correlative experiments.

Probcols for EM are generally incompatible with those for FM. EM requires the strong

stabilization of cells ultrastructure, by mean of fixative solutions (aldehydes and osmium

tetroxide), and the samples embedding in epoxy resin for the following sectioning.

These two requirements conflict with the main for FM: osmium tetroxide quenches the



Replacing some solutions for EM preparation with others compatible for FM, or treating
samples with chemical fixatives after the FM imaging, are possibilities that could be
considered to solve the issuecoimpatibility in sample preparatiohs

In parallel, the choice of fluorophores is also important. In general, the ubatdfef
solutions can interfere with genetically encoded markers for FM detection, and EM gold
nanoparticles (NPsjor immunodetection can quench fluorophores. Quantum dots,
instead, can be detected in FM and EM without any remarkable incompatibilityelbetwe
the two imaging methods, but their contrast in EM is very low and measuring the sizes
to discriminate different probes can be diffiéulfhe advancements in the use of
encoded singlet oxygen generators seem to be promising: even if this strategy has
already been used during last decades, the generation of small structures such as
miniSOG (mini Singlet Oxygen Generator)jgite new. When these dyes are excited in
presence oDbiminDb&rBzidife} the® deaction leads to formation of a DAB
precipitate that can be imaged in EM after osmium tetroxide tredfinent

Another problem that has to be taken into accouteiddcalization of the same regions
with all the used microscopy methods. While LM allows imaging of large FOV with low
spatial resolution, with EM the ultrastructural analysis is focused on small areas (regions
of interest, ROIs) previously located in LNfor this reason, the identification of the
same ROIs with all the imaging methods should be possible. To simplify this procedure
the use of fiducial markers (gold or bddBs patterned supports for cells growing) can

be useful. These markers can helghie final images registration procedure, which can

be affected also by physical distortions of samples (such as shrinkage, sectioning
artifacts) that can occur during the processing steps and manipdfatamsvell as by

the different samples orientations due to the embedding after the LM irhagjidigcial
markers could help the automatization of the alignment procedure, which is desirable
but not always possible for the reasons described.

In order to reduce artifacts due to the use of different microscopes, hybridriasts

are under development.
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1.1.2 Filling the 3D imaging gap

As described in the previous paragraphs, EM allows imaging atrésghution of small

selected FOVs within sections (2D), missing the information of the third dimension of

observed featurés Oppositely, other (lower resolution) imaging techniques, such as

LM, can be extended to 3D imaging. Here, the need to develop new imaging methods

that bridge the dimensional gap between LM and EM.

In the last decades, many efforts have been invested in the development of simpler

sectioning and new imaging methods tleauld give access to 3D highsolution

information, and today several techniques are avaftdbté summarized in the

following and in Table 1:

- serial sectioninglransmissiorElectron Microscopy (ssTEM)serial sections are cut
with an ultramicotome and collected on EM grids. This technique is well known
since the 50s, when researchers were trying to give a 3D context to the structures
they were observing with TEM This method has the main limits of being very
time consuming and difficult to be well performed, with a high risk of losing
sections and a subsequent loss of continuity afoimation, or generation of
artifacts (i.e. holes, folds) during the sections colle¢fion

- Electron Tomography (ET)a ROI in a quite thick section (from few hundreds of
nanometers to one micrometer) can be imaged as a tilt series of iraages,
computationally reconstructed as a volume, with a higaselution D2 nm)“.
Thick sections collected on EM grids are mounted on a sample holder that can be
tilted within a limited angle (usually, £70 degrees maximum) and serial glectro
micrographs are acquired at each tilt aHgiie!’
ET can be combined with ssTEM to reduce the number of sections required to
reconstruct a certain volurifle The major limit of electron tomography is the
sample damage that can be induced by its excessive exposure to the electron beam
during several acquisitions of the same area at different ahdtesthermore, the
information lacking in the missing edge, the small FOV and the laborious
reconstruction of back projections in a volume are limits that have to be taken into
account when ET is applitd

- Automated Tape Cdlecting Ultramicrotome - Scanning Eectron Microscopy

(ATUM-SEM),also calledarray tomographyor serial sectioning scanning electron



microscopy*: automatic collection of serial thin sections over a conductive"tape
that is then mounted on a silicon wafer for the following imaging with the ‘&EM
This technique is similar to the sSTEM but has the adganof being completely
automatic, avoiding artifacts due to the manual sample handling.

- Serial BlockFace Scanning Electron Microscopy(SBEM), formerly called
SBFSEM:the vacuum chamber of a SEM is equipped with an ultramicrotome; at
each removed sectidoy the ultramicrotome, the SEM images the exposed block
surface. The procedure is repeated until the end of the analysis. This method is
disruptive: once the image is acquired, the section is removed by the ultramicrotome
to expose another block fdeThe minimal slice thickess isD25 nnt“. Because
resin is poorly conductive, very often charging problems occur: accumulation of
negative charges on the resin surface leads to images distortions and irregular
contrast. There are several approaches to minimize olgar@id the simplest is to
embed samples in conductive resinaAlthough the resolution achievable with this
method is lower than the sSTEM one, this technique has the great advantage of
being @mpletely automated. Furthermore, ultramicrotome and SEM are integrated
in the same instrument, so the sample does not need to be manually moved, and
ultimately no alignment is required.

- Focused lon Bam - Scanning Electron MicroscopfFIB-SEM): this combned
approach involves a double column instrument, with an electron column for imaging
and an ion (usually gallium) column for the sample miffindhe ion beam takes
off a thin slice over the ROI while the block surface is imaged slice by slice; this
process is repeated for the entire volume of interest &/QOlhis method has the
main advantages of a higheresolution (ninimum D3 nm) compared to the one
with SBEM or ATUM-SEM, and sectioning artifacts are reduced. Moreover,
because the FOV is small (around 20 pm width, or less), not the entire dample
destroyed, but only the V&I On the other hand, the ion milling is slower than the
ultramicrotome sectioning, but the sectioning can be made automatically.

All the described methods give access to ultrastructural information of a volume

However, these techniques can be very costly (SBEM anéSEM), time consuming

(ssTEM and ATUMSEM), challenging (ET) and affected by artifacts due to the

samples handling (ssTEM). Moreover, these methods require the complete or partial
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disruption of tle sample during the analysis. Hence, the need to develop a new method
that can combine ultrastructurahalysis with 3D information ofample, overcoming

limits of other available techniques. This has been the aim of the work here described.

Technique Sedioning Imaging Advantages Limits
Manual Time consuming
(ultramicrotome) Laborious
Cheapest Risk of losing sections and
SSTEM Minimal slice TEM High-resolution information
thickness Artifacts due to manual
D40/50 nm sectioning
Manual Sample damage (excessive
(ultramicrotome) Can be coupled with | exposure to the electron
ET TEM _ SSTEM beam) _ o
. . High axial resolution | Information lacking in the
Minimal slice S
thicknes<D2 nm (B2 rm) missing edge
j Small FOV
Automated
(ultramicrotome) Automatic Time consurming
ATUM -SEM Minimal slice SEM RedE;?ogroggclfacts Lower resolutbn
thickness 9
D30 nm
Automated Costly
(in-chamber Automatic Time consuming
ultramicrotome) Reduction of artifacts Lower resolution
SBEM SEM Sectioning and imaging Sample charging
Minimal slice in the same instrument| At the end of the analysis,
thickness Larger FOV sample is completely
D25 nm destroyed
Milling and imaging in
Automated the same instrument Costly
y i~ Sample is destroyed onl) . .
(ion milling) in the VOI Time consumig
FIB-SEM SEM : (slow ion milling)
Minimal slice No arrtr':iﬁi‘;tz dueto | small Fov
thicknesD3 nm High axial resolution Sample charging
(P3 nm)

Table 1. Comparison between different methods for 3D ultrastructure imaging.

The described methods for 3D higksolution imaging are summarized. The choice between the
different available instruments depisnon the total iame and the FOV to be analyzadd by the
required resolution.



1.2 Micro-CT/TEM correlative method

EM characterization of a 3D sample is very tricky. Even if the methods and the
instruments presented in the previous paragraph are vemyl tsehis purpose, their
limits can restrict their use.

Recently, many efforts have been invested in the development of faster and easier
techniques integrating 3D information on the sample and ultrastructural characterization
of few restricted regions fointerest within. This is of great interest, e.g., when
pathological processes of a disease affect regions within tissues and organs that are not
priori locatablé’. In those cases an approach that avoidsithe tonsuming serial
sectioning oISBEM, directing the ultrastructural analysis only to the VOIs identified in
3D mapscould be convenient.

The idea to use a lovesolution 3D map, by mean of magnetic resonance imaging or X
ray computed microtomography (mie@T), as a guide for localizatiorf ¥ Ols within

the sample to direct their sectioning has been described in the ladt$fears

In particular, micreCT/TEM is the most interesting correlative approach because, when
appropiately prepared, embedded samples for m€foimaging can be analyzed also
with TEM, without the need to perform further chemical treatni&nevoiding the
intermediate step of sample handling.

Micro-CT is a nondestructive and lowesolution (down d few hundreds of
nanometers) technique that provides 3D visualization of samples internal structure. TEM
is a highresolution (less than 1 nm) imaging method that requires samples sectioning in
thin slices (i.e. destructive). With this correlative apphpasamples are imaged in
micro-CT (with synchrotron or beneop instruments), and then the tomograms are
reconstructed as 3D renderings in which the VOIs are localized relying on their
morphology; finally, VOIs are selectively sectioned in thin slices ¢ha be imaged at
higher resolution with TEM (Figure 2).

This correlative approach has been reported in the recent litéf&tlutrgowever its use

has been directed for the characterization of small samples, with a relatively simple
morphology*.

In this work, | will present our development of mi€€d/TEM approach, and its
application to the study of complexthalogies that affect the nervous system. For this

work, it has been necessary to optimize sarepdedding procedures for correlative
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micro-CT/TEM depending on the tissues size and architecture. We obtained three
different protocols for nervous system sa@s: mice sciatic erves, mice and rafpinal

cords.

The entire workflow and protocols optimization are amongst the most important results
of this thesis work. Those results are reported in Parlanti et al.?%284d will be
further described in Chégr 2.

. Sample preparation
fixation, staining, embedding

™y
L

X-ray micro-CT
bench-top systems or synchrotron

Reconstruction
from tomographic projections to volume

E%af interest localization

tIENfam;

Figure 2. Micro-CT/TEM correlative workflow

Samples are prepared with protocols compatible with r@dfcand TEM imaging, and then imaged
with X-ray microCT (conventional benetop systems or synchretm). Tomographic projections are
computatiomlly reconstructed in slices and 3D renderings of the internal structure of sawipdee it

is possible to identify VOIs that can be sectioned in thin slices with ultramicrotome, and analyzed with
TEM.



1.3 X-ray Computed Microtomography

Micro-CT is a nordestructive imaging method that can give information about the
internal structure of samples, with micrometric, and evernsistometric, resolutiof.

This technique is based on the reconstruction of images (virtual sections) and volumes
from planar projections obtained by-rfys transmission through the sample (Figure
3)%. Specimens are placed on a higkolution rotation stage and illuminated with X
rays; radiographs (or projections) are collected at faragllar increments by a detector
located beyond a scintillator, which convertsrays to visible light. To increase the
magnification a microscope objective could be placed between the scintillator and the

camerd’.

Scintillator
s
Sample _// //’
i
e
—
— “
—_—
X-rays source =
— / ,
\ / ) /
/s
o /
Detector

Rotation stage

Distance o

Beam path ~
F

Figure 3. Micro-CT setup.
Sample is placed on a rotation stage between thayXource and the scintillator. After the scintillator,
the detector acquires serial projections of the sample.

1.3.1 Principles of X-ray imaging

X-rays are an electromagnetic radiation with wavelengnging between 0.1 nm and 10
nm, capable to pass through samples revealing their internal structure.

When Xrays travel though a sample, thebrehaviorcan be described by the complex
index of refraction n:

n=1i uii b
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where U0 is the phase shi fraysbydhe samplea®o b i s
different principles are considered when performinga)( imaging, namely absorption

(the conventional case, widely exploited with laboratory sources aitideirclinical

practice) and phassontrast (mainly exploited with coherentrys sources).

Absorption contrastistinguishes between heavy and light elements, because the latter
absorb less Xays. It is based on the detection of the amplitude of thertitied %

rays (b term). For exampl e, absorption
distinguishing them from the soft tissue inside the sample (conventional radfélogy)

Phase contrastnstead, is very useful when discrimination between different soft tissues

in a nonstained sample is required (i&morsand healthy tissue). In fact,-bays
transmitted through regions of the sample with difr e n t O suffer diffe
producing a distorted wave front t hat cart
(Figure 4B). This makes phase contrast imaging very sensitive to light eléinents
Although different phase contrast imaging modes exist, some of them require additional
hardware elements, such as grids (in the case of Gratings Inteeteyp or crystals (in

the case of Diffraction Enhanced Imaging).

However, the simplest approach to phase contrast imaging is performed by considering a
coherent source and a certain propagation distance between the sample and the detector.
In fact, by pacing the detector immediately behind the sample (short d in Figure 3), only
radiographs in absorption mode can be collected (i.e. no phase shifts are detectable since
wave propagation is required; see Figure 4A). This imaging mode is useful when a
discrimination between absorbing and soft tissue is né&dedthe case of a highly
coherent source, like the synchrotron radiation, if the detesttmcated far from the

sample (high d in Figure 3),-Kys transmitted through the specimen can propagate
interfering with each other with a subsequent enhancement of the phase shifts (Figure
4B). Therefore, a combination of imaging and interference fsirg¢he sample edges is
obtained®. This imaging mode is useful when sample absorption is weak, due to small
differences in mass density. In gh¢ase, it is possible to observe the biological soft

tissue structure without any staining.
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Figure 4. Comparison between absorption and phase contrast imaging.
Main micro-CT principles.(A) Absorption mode: the attenuation of the incident beam duéedo t

absorption of the sample is recorded in the B area of the detector, while in the A areas the background
signal is recorded(B) Phase contrastnode: at a greater samghedetector distance d, the sample

generates a detectable interference pattern.

1.3.2 Micro-CT setups
There are mainly two experimental stations forray micraCT: synchrotron
microtomography beamlines and conventional miciobenchtop systems.

- synchrotron micreCT: synchrotron produces a highly bright, coherent, collimated
and parallel bam, which allows imaging in absorption and phase contrast #¥hode
without additional hardware elements. Because of the high photon flux, isiblpos
to use monochromators to obtain a monochromatic radiation of the desired
energy>*® moreover, the bright beam leads to a reduction of noise and time of

acquisitiof*® The resolution achievable with synchrotron radiation is- sub

micrometrié® and ultrafast timeresolved tomography is also possifle
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- benchtop systemsr conventional Xray tubes these commercial instruments use a
X-ray conebeam to produce sati magnified projections of the samflieso no
objective systems are usually considered. The spatial resolution achievable could be
submicrometric, and therefore similar to the one achievable at synchrotrbos
because of the limited beam flux the acquisition time is longer compared to
synchrotron imagin®* On the other handhe conebeam covers a large scanning
area, resulting in a reduced number of acquisitions for entirely image a big ¥ample
Although benckop solutions for Xray phase contrasmicro-CT have been
proposed,now only conventional Xray absorption is typically exploited with
conventional sources. This is because the -tb@@en geometry, together with the
low photon flux, does not allow imaging where large propagation distances are
required”.

In general, thehoice between the two instruments depends on:

- choice of absorption or phase contrast imagipgase contrast imaging is basically
possible only with synchrotrons; absorption mode is available and of great quality
with benchtop systems.

- time longer acquditions are required for conventional betich systems.

- sample sizewhen imaged with benefop systems, larger samples can be entirely
imaged with a lower number of acquisitions.

- availability: experiments at synchrotron facilities are planned and ecihie

previous proposal submission and evaluation from a designed committee.

1.4 Transmission Electron Microscopy

Since 40s, TEM has been fundamental in cell biology studies: samples have started to be
analyzed at higher magnification, to extend the biolagynprehension to their
ultrastructure.

The capability of TEM to reach sutanometer resolutions is due to the short
wavelength of the electron beam (100,806/@ shorter than photons in visible light)

When transmitted through a thin sample, electrons can be absorbed or scattered (elastic

and inelastic scattering) by the specimen, producing contrast anthge on the image

plane®3*



Biological samples for TEM analysis require extensive preparation protocols to preserve
their ultrastructure and make them stable under the electron beam (ultrastructure fixation
and stining, dehydration and embedding are main sf&psjoreover, 3D samples need

to be sectioned with an ultramicrotome in thin slices to make them electron transparent
for imaging (Figure 5¥. Sectioning is fundamental: specimens must be thin enough to
allow electrons transmission throughout, so that a suffiégemunt of signal to reach

the screen or the CCPH

A complete overview of physical and chemical methods of biological samples
embedding for TEM analysis will be given in Chapter 2.

3 { l
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Figure 5. Biological sample preparation for TEM imaging.

Samples (cells or tissues) mustbeh e mi cal | 'y or physically fixed (r
ficriynomobi l i zationo, in green), then sectioned and
imaging (purple).
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1.5 Focused lon Beam- Scanning Electron Microscopy (dual
beam)

Methodsfor 3D highresolution imaging can be coupled with volume data acquired in

micro-CT. Among the techniques and instruments described in paragraph 1.2, FIB

SEM is becoming a powerful tool for imaging of biological samples that can be used in

correlative aproaches.

FIB-SEM started to be used in the 70s, in particular in the semiconductor field, but only

in the last two decades its application has been extended to Bfdfogy

A scanning electron microscope is coupled with an ion beam column in the same

instrument; here, ion and electron beams areded on the same point (coincidence

point). The ion and the electron beaoan impinge on the sample at different angles

with an angular separation that, depending on the manufacturer, ranges between 52 and

55 degree¥.

The FIBSEM technology can be applied to

- lamella preparation for TEM imagingsamples thinning as long as they become
thin enough for TEM imaging; this application is useful, for example, when samples
are difficult to be sectioned with thmicrotome¥. It is also possible to prepare
lamellae (cryelamellae) of frozen samplessing the ion beath

- 3D tomography this is maybe the mostrgmising application of the FHSEM
technology. In general, the stage is tilted to bring the sample normal to the ion beam
axis; in this configuration, the ion beam mills the sample, and the SEM detector
acquires the freshly generated block face (Figur8&gause of the beams geometry
(i.e. electron beam is not perpendicular to the block face);goostisition digital
corrections of the images have to be perfortha¢blumes of 2040 micrometers in
all the axis can be reconstructed, withr@golution down to 3 nth

Interestingly, chemical procedures for plastic embedding of biological samples can be

suitable also for FIBSEM tomography. Particular care has to be taken on staining steps:

samples have to be well contrasted to increase signal and reduce the cHéegisg e

Moreover, further steps for increasing specimens conductivity have to be performed,

such as the use of conductive tapes and paste to mount samples on SEM stubs, and the

coating with thin layers of metdls



In Chapter 4 an example of correlative mi€®/FIB-SEM 3D tomography will be

shown.

Sample

Stage

Figure 6. Configuration for FIB-SEM 3D tomography.

lon and electron bearare inclined 555° relative one to another. The best configuration for- FIB
SEM tamography has the sample normal to the ion beam. Before imaging, to remove the part of the
sample that could interfere with SEM imaging, a trench around the VOI has to be dig. The gallium
beam removes thin slices of the sample leaving a block face (indXpe}ed to the electron beam for
imaging.
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Chapter

Development of embedding proedures forthe
Micro -CT/TEM correlative method

This chapter contains information published in the pesiewed work with authors P Parlanti, V
Cappello, F Brun, G Tromha R Ri gol i o, | Tonazzini, M Cecchini
specimerdependent strategy for-bay Micro-CT and TEM correlative analysis of nervous system

s a mp IS@ Rep. 2017 Jun 6;7(1):2858. doi: 10.1038/s41698029981. Experiments and data

shown in each figure were performed and analyzed by P Parlanti.

The application of correlative microscopy approaches described in Chapter 1 requires
specific sample preparation, compatible with all the involved techniques. In this project,
to apply thecorrelative micreCT/TEM approach we needed to have samples with an
adequate contrast and a weteserved ultrastructure, main requirements for m&fo

and TEM, respectively. In this work, we considered to prepare samples with a
commonly used plastic eratiding protocol for TEM, for which the idesize sample is

1 mnT in volume with a homogeneousdtrastructureand we modified it stepy-step to
achieve the best chemical protocols depending on ctieracteristis (size and
morphology) of the analyzed spmen.The embedded samples can be then imaged with
micro-CT, sectioned in thin slices and characterized with TEM.

Once the protocols have been optimized, we moved toward the development of the

correlative approach and its validation on the study of mEgrenerative pathology.



In this chapter, | will show how an embedding protammild bemodified to achieve the
best results for the contrast and ultrastructural preservation of samples, and the setting

up of the correlation procedure afkrabbe diseasmodel

2.1 Biological samples preparation for TEM

For the TEM analysis, ultrastructure of biological samples must be maintained as much
as possible in a naive status: cellular components have to be stabilized in space and time,
in a process called samplesdiion.

Firstly, cells and tissue must be rapidly fixed to avoid their degradation. For the same
reason, after sacrifice, animal tissues mussdrapledas fast as possible. This process
could be performed with physical and chemical methods, each oneitsvithwn
advantages and limit&*

Physical fixation is a quite fast process, which is recommended because cells and tissues
are prone to degrade and modifyitreructure rapidly. On the other hand, instruments

for physical fixation can be costly and challenging to be used, and only small samples
can be efficiently fixed .

Among the physical approaches, cryofixation is the most important: samples are quickly
frozen to arrest instantaneously all the cell activities

Several methods could be appliedorking with or without cryoprotectant solutien

with theaim to reduceor abolishthe formation and the growth of ice crystals within the
sample. More irdetail plungefreezing isa goodexample of cryofixationSamples (15

pm maximum thickness) are loaded on an EM grid and fast plunged into liquid propane
or ehane {180°C or-190°C§*“2 Another successful method of cryofixation is the
High Pressure Freezing, in which samples are placed on metal supports and quickly
frozen whie a high pressure is applied (more than 2000 bar). This method allows the
cryofixation of thicker samples (up to 250 um) because the water crystals formation is
slowed®*°. The addition ofcryoprotectanto sampls (or to sample solutios), instead

is extremely usefulvorking with bigger size samplebecause it could improve the
effectiveness of cryofixatidf

The main advantage of cryofixation is that this procedure leads tolttastructural

fixation without any chemical treatment, which otherwise could introduce slight
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modifications of the morphology of the samples and remove its antigéfhféityn this
sense, cryofixation is the best fixation method of biological samples when
immunostaining experiments are requfred

The chemical approach is the most commonly ssedple preparatiomethod for LM

and EManalysis.

In the chemical procedure of biologica@mples embedding, there are some fundamental
steps that have to be well performed in order to make possible the following dfalysis
thefirst one is macromolecules fixation. The following steps in the chemical procedure
can be summarized with sample staining, dehydrationfiltration and resin
embedding*¥>".

Chemical fixation, both for EM or EMombined approaches, allows the maintenance of
samples ultrastructure. In the fixation process, in fact, fixatiresable to stabilize
macromoleculeghroughthe direct chemical bindingleading to theiimmobilization

and subsequently preservation afrplesarchitecturé®“® The most effective fixatives

for routine TEM are aldehydes and osmium tetroxide (s general,aldehydes
mainly generate links between their reactive groups and proteins, whilg OsO
preferentially reacts with lipoprotein of membrafiég In the following, a brief
overview of the most common fixatives used for EM is reported.

Glutaraldehyde is a dialdehyde that introduces -r@d intramolecular irreversible
crosslinks, reacting with free amino groups in proteins antogpholipids.
Glutaraldehyde does not stabilize most of other lipids, as well as glycoproteins and
myelin®®.

Formaldehyde, the monomer of paraformaldehyde, is less commonly used for its lower
efficiency. Indeed, formaldehyde introduces fewer and reversible links, and has a low
fixative power on lipids. The main advantage of this aldehyde is its rapid penetration
within tissues, because of its small size, so it can be useful for fixing larger s&mples

In general, formaldehyde can be used in combination with glutarald@fi§de
Glutaraldehyde and formaldehyde are organic molecules and do not increase the
electron density of samples. Lipids need to be -fiest, usually with osmium
tetroxidé® a heavy metal salt that reacts with unsaturated bonds into lipids (and weakly

with proteins), fixing and staining them simultaneotfsly



In general, the best fixation is obtathéy animal sacrifice through perfusion with
aldehydes mixtures, followed by organs and tissues dissection, their primary fixation
with aldehydes or aldehyde mixtures, and giostion with osmium tetroxid®. It has

been also described thakthse of potassium ferricyanide asodadantleads to higher
membrane preservation and staiffngnd better maintenance of myelin she¥thsy
reducing Os@>>*

To improve the contrast given by Os@eavy metals saltare generally used foen

bloc sample stainingThis step of the chemical processing is referred to the immersion
of the whole sample into a solutionaintrast agentdJranyl acetate stains tissues nion
specifically, with higher effects on nucleic acids, proteins and phospholipids; its powder
is diluted in ethanol or methanol to improve its penetration into satfiples

After fixation and stainig steps, it is necessary to dehydrate samples with a growing
series of ethanol or acetone solutions, in order to make possible the following infiltration
of hydrophobic resin into cefs*®

There are several kinds of resins, which can be hydrophobic or hydrophilic. Forming
their polymers a tighter mesh that improves the ultrastructure stability, the former are
the most commowlused. The latter, instead, are preferable when immune localization
experiments are needed, being compatible with the use of aqueous solutions and forming
less tight meshes that leave antigens exposed for antibody recogiiittdn

Hydrophobic resinsare polymerized by heat, while the hydrophilic ones polymerize
with heat or UV irradiatiofr*® To make infiltration of resi possible, they have to be
diluted in ethanol or in propylene oxide: ethanol dilution is more gentle but the
propylene oxide guarantees a better resin diffusion into fssue

Finally, there are methodsahput together the strengths of chemical and physical
fixation. Plunged and High Pressure Frozen (physically fixed) samples can be processed
with the Freeze Substitution technique: in this process an organic solvent replaces the
vitrified water at around-80+90°C and, in the following steps, while the sample
temperature is increased in a controlled way, other fixative solutions (such as
glutaraldehyde or Osp and contrast agents (uranyl acetate, which also has a weak
fixing activity®®) can be added; finally the sample is infiltrated with resin and brought at
room temperature. In this sense, Freeze Substitution represents the bridge between

physical and chemical fixatiéh
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As previously mentioned, wheimmunostaining experimentare required the best
choice would the sampephysial fixation, which does not affectheir antigenicity.
Cryofixation is then followed byhe fixativesfree Freeze Substitutioprocedure and

finally by the embedding of samplés acrylic resin.Samples are then sectioned and
immunostained "’

There is an additional physical method that has the main advantage to accelerate the
chemical treatment of samples: the Microwave proce$sihgvhile the entire chemical
samples processing is speeded up by microwaving, the great disadvantage of this
technigue is due to temperature increasing inside the sample and the following risk of
damage. For this reason, several apparatus have beelopisl to avoid temperature
increasing®. The microwave technique is very useful because it shortens the embedding
procedure while producing great results in terms of ultrastructural presefation

In general, chemical approach requires tissue blocks as small as possible (idsally le
than 1 mr) in order to obtain a homogenous diffusion of all the solutions within the
samplé®. For this reason, it is extremely important to reduce in size tissue blocks during
the dissection process, amder to achieve the ideal dimension for their further chemical
processing.

When samples are larger than the ideal 1*rsize, the chemical protocol should be
modified and optimized, depending both on the different sizes and types of samples.
Table 2 reprts the conventional chemical protocol we applied for theadled ideal

size samples (1 min

2.2 Sizel/specimerdependent embedding procedure optimization

As described in the previous paragraph, the ideal size of a biological sample for the

TEM analysis isaround 1 mrhin volume (Figure 7A). Our goal has been to settle on

protocols for preparing larger samples up to £ icnvolume (Figure 7BD) and to make

the embedding protocol for TEM analysis compatible also with r@idrambservations.

Depending on thesize, we have distinguished 4 groups of samples (Figure 7):

A. ideaksize sample 1 mn? in volume and morphologically homogeneous (Figure
7A).



B. smallsize sample comparable planar surface but longer (up to 7 mm) (Figure 7B:
mice sciatic nerve).
C. mediumsize sample larger in the planar surface and longer, with two concentric
and morphologically not homogeneous regions (Figure 7C: cervical/thoracic/lumbar
tract of the mice spinal cord).
D. large-size sample- morphologically similar to the mediwsize sample but
approximately twice larger in diameter (Figure 7D: cervical/thoracic/lumbar tract of
the rat spinal cord).
As described in the following, we tested several combinations of fixative and embedding
conditions to def i neepantea Ob estotfocamplteo ared
correlative purpose. Starting from common procedures usually described for the plastic
embedding of nervous systéhf Tabl e 2-sameé Proealcol 0 col um
we identified few steps that could be critical, and must be optimized, for our aims:
- protein fixation,
- lipid fixation,
- heavy metals staining.
Because the generation of a 3D map by means of f@i€ris the pivotal step for the
individuation of specific WIs within the sample, we firstly evaluated our protocols on
X-ray tomography images and 3D renderings. However, a-dgélied micreCT
contrast does not necessarily assure an adequate preservation of the tissue structure at
the nanometric scale, the léwat which the selected VOIs would give us access te sub
cellular mechanisms of the pathology. Therefore, the second step for the validation of
our protocols was the evaluation of their efficiency in preserving the ultrastructure of the

tissues asnalyzedoy means of TEM imaging (Figure 8).
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A Ideal-size samples

] Volume =1 mm?, homogeneous

B Small-size samples
Mice sciatic nerves

(| diameter: less than I mm
length: =5 mm

C Medium-size samples

Mice spinal cord tracts
(:@ diameter: =1.5 mm
length: more than 1 cm ULl
Q

A B C D

or\ag 5
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nm \\\\\\\\\\\\\\\‘\\\\\\\‘
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D Large-size samples

Rats spinal cord tracts
diameter: =4 mm
length: more than 1 cm

Figure 7. Sample sizes classification.

Schematic representation of samples namedAgsidealtsize (B) smaltsize (C) mediumsize (D)
largesize. The sizes reported in the figure are proportional to the meahdions of samples. On the

right, a representative picture with the comparison between the different sizes of samples considered in
this project. From left to right, idealize sample (cellular pellet), smalkze sample (mouse sciatic
nerve), mediunsizesample (mouse spinal cord tract) and lasge sample (rat spinal cord tract).
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Figure 8. The workflow for the protocol optimization.

Samples prepared with different embedding procedures were firstly imaged with@ricBuring this
analysis, protools that gave the best contrast toays were selected. The efficiency of these protocols

in preserving ultrastructure of the sample was then evaluated with TEM. The protocol that satisfied the
requirements of both imaging techniques was considerea aptimized one.



2.2.1 Small-size samples (mice sciatic nerves)

For the embedding of smallze samples we tested different aldehydes mixtures in the
protein fixation steps (AProtein fixation
improve the ifiltration of the reagents inside the sanipf@®’. We added potassium
ferricyanide in the lipid fixation step to enhance the ©s®idant poweY* ( Iipid
fixationo, Table 3, row 3).

From the comparison of mici@T collected on the tested protocols we found that the
sciatic nerve t rseiazteedp rwittohc ol e (T sapsh lel 6)
contrast, revealing fine details of its internal stuoe. Several small featur€Bigure

9B) such as small capillaries lumen (red arrowhead), axons (white spots in Xxy
projections, white lines in yz ones), immune cells (infiltrating globoid cells; rounded
structures intercalated between axomsre clearly isible. Conversely, those fine
details could be hardly identified in the other tested protocols (Figure 9A).

Once we identified the best protocol through the mi¥o data analysis, we also
evaluated its efficiency in preserving the sample ultrastructuréané TEM analysis. As
reference, we used a mice sciatic nerve prepared with thesidegbrotocol, where the
ultrastructure preservation should be optimal. We found that our samples prepared with
the smallsize protocol show a very good ultrastructtirat allows the visualization of
extremely precise details such as cytosolic organelles and, at higher magnifications, their
lipid membranes (Figure 10B), with a quality comparable to samples prepared with
the idealsize protocol (Figure 104&). Only slght alterations of the membranes of
subcellular districts were reported (* in Figure 10F). Results indicate that thessrpall
protocol was the best compromise between the high quality for «@itranalysis and

good ultrastructural preservation that almlvcharacterization of the sample at-sub
cellular level.

The key point for obtaining this best protocol was the addition of paraformaldehyde and
formaldehyde to the glutaraldehyde solution in the second step of protein fixation (Table
3). This modificationimproved fixation in the inner part and the preservation of tissue
morphology.We explained this result as the effect of the small amount of methanol we
used to stabilize the formaldehyde solutisee Appendix C§, which could improve

the permeabilization of tisssand thus increase penetration ofsahces within.
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Moreover the use of the reducédsQ, led to better membrane preservation and better

maintenance of myelin sheaths, as previously des¢fibed

50 um

Figure 9. The smalisize protocol optimization: micro-CT results.

Sciatic nerves prepared wiflA) the idealsize or(B) the optimized smaisize protocol. Representative

xy and yz projections and their higher magnifications in the bottom lines are reported. Small blood

vessels (red arrowhead), outer membrane (white arrowhead), axons (points in xy projection, lines in yz
one)and infiltrating globoid cells (rounded structures intercalated between axons; see boxed region)
are visible.



Figure 10. The smalisize protocol optimization: ultrastructural results.

Respectively, electron micrographs of a globoid cell (pathologaihinark), of a mitochondria and of

a Golgi apparatus derived from a sciatic nerve treated with thesdeaprotocolA-C) or with the
optimized ongD-F). The ultrastructure was well preserved with both chemical procedures, even if a
mild swelling wasobserved only few times in samples prepared with the optimize one (*).



Development of embedding procedures for the MZTSTEM correlative method i

2.2.2 Medium-size samples (mice spinal cord tracts)

Next, we moved to test the optimized protocol for the sciatic nerve on a whole tract of
the mice spinal cord. We observed thas tprotocol did not provide a good contrast of

the inner part of the sample (Figure 11A compared to B). In fact, starting from a depth
of about 500 um from the top, only the outer part of the spinal cord was well stained.
We explain this result as a consence of the inability of the solutions to diffuse in the
inner part of such big samples.

Moreover, while the nerve can be considered as a tube made of myelinated axons, the
spinal cord has a more complex structwvlich is ideally formed by two conceiar
regions, with the white matter mainly placed peripherally and the grey matter filling the
inner part (respectively the grey and the black part in Figure 7C,D). Therefore, the
reagents used during the different embedding procedure steps could reaenttliffe

with these two morphologically distinct parts of the tissue.

Thus, we modified the fixative and contrast protocols (see Table 4) by increasing the
time of the OsQ@ staining step and testing different Qs@educedOsQ, and uranyl
acetate mixturesindeed, a longer OsQOtreatment could have been critical in
overcoming the slow diffusion of the solutions.

We obtained an optimal mici®T contrast and a homogeneous staining of the coronal
sections for the whole analyzed depth (more than 1 cm in leseghiigure 11C,D that
refers to a 3.3 mm tract of the sample) with a double step of longer treatment using
reducee0sQ,and OsQr espect i vesliyz ¢ ApMeodtioucrol 6 i n Tabl
We can therefore speculate that the efficiency of the sizalprotocol as limited by

the diffusion factor with the solutions not reaching the inner part of the tissue, beyond
500 um in depth from the outer surface. For this reason, we evaluated the ultrastructure
of the samples at this level for the mnoptimized and the optiized protocols
(respectively, smalize protocol in Figure 12A,B and meditgize protocol in Figure
12C,D and insets).

Our optimized protocol (mediwsize protocol) effectively preserved ultrastructure in

the central region at each depth in the sample &hd higher depths, Figure 12C and D,
respectively). Conversely, the noptimized method (smaflize protocol) was efficient

only in the first hundreds of microns of the sample, while beyond this the tissue

architecture was completely lost (Figure 1AB).
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Figure 11. The mediumsize protocol optimization: micro-CT results.

Mice spinal cord tracts prepared with the srsi&k (A,B) or the optimized mediuraize (C,D)
protocols. A representative virtual slice of the top part of the sample, a 3Drirgn@maximum
intensity projection) of the whole sample and a deeper virtual slice, at the depth indicated in the central
figure, are shown.
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Figure 12. The mediumsize protocol optimization: ultrastructural results.

Electron micrographs of the ventrbbrns of two mice spinal cords prepared with the ssiaé

protocol(A,B) and with the optimized protol for mediumssize sampleéC,D). Represetative images
of the surfac€A,C) and of the central (500 pmedp) portions of the sampléB,D). Ultrastructiral

alterations, clearly visible in the sample prepared with the ssizall protocol(B), were completely
avoidedusing the optimized protoc¢C,D and insets)



2.2.3 Large-size samples (rats spinal cord tracts)

The mediurssize protocol was used as theibae prepare larger samples: rats spinal

cords. Similarly to what we observed for the medsize sample prepared with the
smaltsize protocol, the mediwsize protocol did not ensure a homogeneous contrast in

the sample: while the top portion of the sémwas correctly stained (Figure 13A), the
inner part of the tissue appears fAemptyo i
By following the strategy previously described, we directed our efforts in changing the
time and the concentration of the reagentsddlusee n t he ALi pi d fi xat.i
This strategy was effective, leading to a decrease in the size of the missing contrast
region, in particular when the protocol involved longer treatment with,©s@ higher
concentration of reducedsQ,. A uniform contrast between the inner and outer part of

the spinal cord (Figure 13C,D) for the whole analyzed depth (more than 1 cm length)
was obtained in a twstep treatment with variable concentration of redu©e@),

higher in the first step and lowerinttee ond on®i {dlL@argttocol 0 i n
Similarly to mediumsize protocol optimization, we evaluated the ultrastructure of
samples prepared with the optimizedgesize protocol, in particular at depth greater
than 500 &m. Our 0 p t-sizensam@led ledp to avell preseived f o r
ultrastructure in the first micrometers of the sample (Figure 14C) and in its central
portion, beyond 1 mm in depth (FigutéD).
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500 pm

500 m 500 um

Figure 13. The largesize protocol optimization: micro-CT results.

Rat spinal cord tractsr@pared with the mediwsize (A,B) or the optimized largsize(C,D) protocols.

A representative virtual slice of the top part of the sample, a 3D iBgdénaximum intensity
projection) of the whole sample and a deeper virtual slice, at the depth indicated in the central figure,
are shown.



Figure 14. The largesize protocol optimization: ultrastructural results.

Electron micrographs of the ventralrhe of two rats spinal cords prepare@thwthe mediunrsize
protocol(A,B) and with the optimized ptocol for largesize sample$C,D). Represetative images of
the surfacgA,C) and of the central (500 pmedp) portions of the sampl¢B,D). Ultrastructual
alterations, clearly visible in the sample prepared with the medimenprotoco(B), were completely
avoided using the optimized protocol.
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2.3 Correlation procedure

The next step was the setup of the correlation procedure that was tested on seegic ne
prepared with the optimized smalkze protocol: we cut arrays of sections normal to the

rotation axis of the micr&T scan (Figure 15), to check if the details observed in micro

CT virtual slices could be correlated with those detected in opticalBMlimages of

real sections and if this correlation could be traced over a certain thickness.

The nerves were sectioned in arrays of serial sections having a thickng88 nm

each, for a total thickness of 10 em, foll
(90 nm thickness per section, about 1 &em
at different depth of the same nerve. Serial sections were observed amsioptical
microscope and the images were collected for the correlation with virtual slices (Figure

15).

The first step of the correlation procedure consisted in the alignment of the virtual
section normal with the cutting direction. The tomographiation axis was selected to

be as close as possible to the main axis of the samples (i.e. orthogonal to the sectioning
direction), thus we sought a correspondence between the first optical image of the first
array and virtual sections, whose normal was degrees away from the tomographic

axis. Once a good agreement was found, the alignment was furthered refined by
advancing 10 em in the virtual sectioning
of both these sections was carried out, all the dpiicages of intermediate sections

could be retrieved just by displacing the virtual sectioning accordingly to the computed

di stance, taken for granted tials and Mdthods, v o x e |
paragraph 2.8.1).

The first ultrathin se@n located at the end of the array volume was observed in the

TEM at low magnification (250X) by collecting images of the whole section in order to
generate a 2D map comparable with an entire virtual slice. The obtained map perfectly
correlated with thealst virtual slice of the array. The same section was also observed at
higher resolution to check the quality of the sample ultrastructure. We could conclude

that, after a preliminary alignment of the cutting direction within the virtual volume, any

optical or TEM image of the whole section array could be correlated with a
corresponding virtual slice in the stack: this constituted the first step toward a correlative

method.



We also validated this alignment procedure on samples of greater size looking for
precise details in mice and rat spinal cords (Figures 16 and 17, respectively).

As shown in the figure, it was possible to define the same VOlIs in 1@i€r{Figure

16A) and in real sections (Figure 16B) in medisize samples: here we identified a
confinedregion of blood vessel branching in miged@ images (Figure 16C,E), which

was further characterized in optical images (Figure 16D,E) and with the TEM (Figure
16F,G). This evaluation could represent a useful tool in the study of those pathologies
where an Weration of the blood brain barrier causes a cellular extravasation (i.e.
Multiple Sclerosis).

As described for the mice spinal cords, we were able to apply the correlation technique
also to the rat spinal cords prepared with the laige protocol. Wealigned the virtual

slices (Figure 17A,C,E) to the real sections (Figure 17B,D,E), and identified the same
features, as cells (Figure 17G,H), observed at lower resolution in thin sections (Figure
17F).

The first application ofour micro-CT/TEM correlative method to the study of a
neurodegenerative disease will be shown in Chapter 3.
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Figure 15. The correlation procedure.

Virtual slices obtained by micf@T (grey lookup-table- LUT) compared with optical images obtained

by transmited light microsc@y (blue LUT) for a sample of sciatic nerve prepared with ssiad
embedding protocol(A) A representative virtual slice (first row) correlates perfectly with the
corresponding optical image (second row). In the bottom row the enlargements of the begied in

each virtual and optical section is reported. Arrows indicate some of the correlation points used for the
alignment of virtual and optical sectior{8) The alignment was preserved at different depths (B is 20
pm deeper than A).



Figure 16. Qorrelation procedure in medium-size samples.

(A,B) Representative virtual and real slicesnote spinal cord(C,D) Higher magnification of the
boxed region(E) Merged image of C and D shows the correct alignment; arrowheads indicate the
correlation poits used for the alignments aftual and optical section§,G) Electron micrographs at

low and higher magnifideon of the boxed region in-€, respectively.
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Figure 17. Correlation procedure in largesize samples.
(A,B) Representative virtuand reaslices of rat spinal cordC,D) Higher magnification of the boxed
region.(E) Merged image of C and D shows the correct alignment; arrowheads indicate the correlation
points used for the alignments of virtual and optical sectigf$l) Electronmicrographs at low and
higher magnifications, respéetly, of the boxed region in-E.



2.4 Micro-CT setups for imaging in absorption modality
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reconstruction could be affected by artifacdsised byhe motion of the samples during
the analysis, which is a quite common phenomenon.
This represents another remarkable advantage of synchrotron-@ictisat makes this

technigue the gold standard fofrXy tomography tests and studies.

Synchrotron Micro-CT Bench-top system

Figure 18. Synchrotron vsconventional micro-CT of stained spinal cords.
Micro-CT of spinal cords in absorption modality is performed with the synchrotron radiativelleas
with benchtop systems. In both the pictures, small details (blood vessels, cell bodies) are visible.



2.5 Materials and Methods

2.5.1 Animals

2.5.1.1 WT and TWI mice

Twitcher heterozygous (B6.C&alctwi/J, Jackson Labs) and wilgpe (WT, C57BI/6J)

mice weregenerously donated by Dr. A. Biffi (San Raffaele Telethon Institute for Gene
Therapy, Milan, Italy). Animals were maintained under standard housing conditions and
used according to the protocols and ethical guidelines approved by the Ministry of
Health (DLGS 26/2014), as per ltalian law (Permit Number: 0004419). Twitcher
heterozygous mice were used as breeder pairs to generate homozygous Twitcher mice
(TWI). Genomic DNA was extracted from the clipped tails of mice by Proteinase K
lysis buffef* as previously describ8 The genetic status of each mouse was
determined from the genome analysis of the Twitcher muta®reported in Sakai and
co-workers®,

Four TWI male mice and five WT male littermatesratstnatal day 30+2R30+2 were

used for experiments, while the heterozygous littermates were retained for the colony
maintenance. Surgical procedures for fixation were performed under uratiestbesia

(Sigma, 016 gr/hg), and all efforts were made to minimize mice suffering.

2.5.1.2 Wistar rats

Female Wistar rats were purchased from Envigo 0% g, San Pietro Natisone,
Udine) and housed three per cage, in a limited access animal facility with controlled
room temperature and relative humidity, artificial light/dark 12 hour cycle and
food/watr access ad libitum according to ethical guidelines approved by the Ministry of
Health. Three animals were deeply anesthetized by ketamine/xylazine solutib?0(90
mg/kg; 510 mg/kg) before surgical procedures for fixation were performed. All efforts
were made to minimize rat sufferinfhe experimental plan received authorization from
the ltalian Ministry of Health (95/201B) and was approved by the local ethical
committee. Animal work was conducted following Italian law (DL 1992 and subsequent
modificaions) and the European Union (2010/63/EU) directive.
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2.5.2 Size and specimeftdependent protocol optimization

2.5.2.1 Small and mediurrsize samples

Four TWI and five WT P30+2 littermates deeply anesthetized mice twaerscardially
perfued with two different fixatve solutions (one TWI with the higher amount of
glutaraldehyde (2.5%) in the solution, while all the others with the lower concentration
of glutaraldehyde (0.1%); see Tables 3 and 4). Then, sciatic nervesgmaabamples)

and the entire vertebral colms were extracted and pdsted for 4 hours in the same
fixative solution used for the perfusion. Later, spinal cords (megiaensamples) were
pulled out from their columns.

TWI sciatic nerves were divided into smaller parts, each one of 3 to 5 mrtheanthe
samples were treated with 4 different chemical protocols for epoxy resin, while the WT
one was entirely embedded. The tested protocols, summarized in Table 3, differ with the
optimized one in the aldehydes concentration.

Regarding WT mice spinalords: cervical, thoracic and lumbar tracts were dissected
and fixed with protocols in Table 4, which differ for aldehydes mixture and
concentration, Ospand reducedsQ, uranyl acetate concentrations and times of
treatment.

The optimized protocols famall and mediursize samples are summarized in Table 6.

2.5.2.2 Large-size sample

Three Wistar rats, deeply anesthetized, weaescardiallyperfused with an aldehydes
mixture (paraformaldehyde 4% + glutaraldehyde 0.5%). The extraction and dissection of
the sphal cords have been performed as described for the mice samples. The tested
chemical protocols, similarly to the meditsize samples, differ in aldehydes, Qs@d
reducedOsQ, uranyl acetate concentrations and times of treatment (Table 5).

The optimizedprotocol is summarized in Table 6.

All the fixed samples were further treated as previously descfibBdefly,
samples were stained with uranyl acetate 0.5% or 3% in ethanol/water solution 20%
(V/IV), dehydated in a growing series of ethanol and embedded in epoxy resin (EMbed
812 Kit, EMS), which was polymerized for42 h at 60°C.



Infiltration has been performed through a series of increasing concentration of epoxy
resin in propylene oxide (ER/PO), tocaV its better infiltration into samples. We treated

the samples for two hours with an ER/PO 1:3, followed by two hours in ER/PO 2:2 and
finally overnight in ER:PO 3:1. Then, we left the propylene oxide evaporating for two
hours before the final embeddiagd resin polymerization.

All the steps of rinsing the samples with sodium cacodylate buffer were taken with
longer timing compared to the idesite protocol (20 minutes instead of 10; see Table
2), and repeated three times. Similarly, in order to renamrepletelythe excess of
0OsQ, from the sample, the dehydration with ethanol 100% were carried on with a longer
treatment (40 minutes instead of 20; see Table 2).

For details on reagents and solutions used, see Appendix C.

2.5.3 Micro-CT

2.5.3.1 Imaging

Embedled samples were analyzed with synchrotrerayXmicraCT. Experiments were
performed at the SYRMEP beamline of the Elettra light source (Basovizza, Tfieste)
using Propagation Based Imaging (PBI) mod&lity

All our samples were imaged using the white/pink beam imagitgp ©f the beamline

at an average Xay energy of 20 keV. Sciatic nerve and spinal cord samples were
visually aligned with respect to the sample holder so that their longitudinal axes were as
parallel as possible to the rotation axis (Figure 3 in Chapter

For smallsize samps 1800 projections (each scan) were acquired over 180° rotation
with a sampleo-detector distance of 8 cm and 1 mm silicon filter between the source
and the sample. The resulting isotropic
sufficient becauseamples were smaller than the fieldview.

The spinal cord samples were scanned according to thalled half acquisition (or
extended FOV), where the rotation axis is close to one side of the detector FOV and a
360° rotation is considered. In thissea being the sample only slightly bigger than the
detector FOV, 2400 projections (each scan) were considered with a fardptector
distance of 15 cm and 1 mm silicon filter between the source and the sample. The

i sotropic voxel dple zaans ataliffere@t hedghts wer@ nequirechtol t
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image the whole sample. We acquired the second scan overlapping the previous one for
500 microns.

The exposition of the embedded samples to a strorgy¥X beam during the
tomographic process slightly dariedl the resin but had no effects on the ultrastructure,

as confirmed by the following comparison between the sections cut before and after the

tomographic process.

2.5.3.2 Reconstruction and image analysis

A phase retrieval prprocessing filté¥ was applied, prior to the reconstruction, to
decouple phase from absorption contribution. Tomographic reconstruction of the series
of 2D projections was performed by using the SYRMEP Tomo Project software,
developed at the SYRMEP beamfiheFiltered Back Projectidd was used and
common image processing was adopted to perform the required steps of flat fielding and
image alignment with respect to the actual center of rotation. Ring remousittaigs

were also applied to compensate the inhomogeneity of pixel response caused by the
detector used at binning 1 x 1. Further visual inspection of the reconstructed virtual
stack was performed with ImageJ software using the 3D Volume Viewer and the 3D

Viewer plugins.

2.5.4 Sectioning

After the microCT scan, embedded samples were sectioned at room temperature in 500
nm thick slices for LM observation and in thin ones-@80nm) for TEM analysis. The
sectioning was performed using an ultramicrotome (UC7, Ldiicaosystem, Vienna,
Austria) equipped with a 45° diamond knife (DIATOME, Nidau, Switzerland), in which
samples were mounted so that their cross sections were perpendicular to the rotation axis
of the micreCT. Sections for LM were placed on glass slidgsined with 0.1%
methylene blue + 0.1% toluidine blue in phosphate buffer 240 mM pH 7.4.

The LM imaging has been useful for doing a-pceeening of the modified protocol,
before the micreaCT analysis. In fact, we found that the loss of contrast inntheripart

of the sample in micr&T perfectly correlates with the ineffective staining of the same

region for the LM (Figurdl9), and subsequently with the loss of ultrastructure in TEM.



Sections for the TEM analysis (90 nm thickness) were placed onrcgipge (G300Cu
- EMS).

200 um

Figure 19. Loss of contrast in micreCT and in LM perfectly correlates.
The figure shows the perfect correlation of the loss of contrast in 4@i€rairtual slices(A) and in
sections for LM(B) of a mice spinal cord preparagth a noroptimized protocol (protocol |, Table 4).

2.5.5 LM and TEM

Sections for optical microscopy were imaged with an optical microscope (DM750, Leica
Microsystem, Vienna, Austria), equipped with an ICC50HD (Leica Microsystem,
Vienna, Austria) digital camma. We used 10X HI PLAN (NA = 0.25) and 40X HI
PLAN (NA = 0.65) objectives (Leica Microsystem, Vienna, Austria).

For the TEM analysis, sections were observed with a Zeiss LIBRA 120 Plus operating at
120 KeV equipped with an ioolumn omega filter, for thenergy filtered imaging, and

with a bottom mounted-Bit 2k x 2k CCD camera (TRS) in bright field mode, energy
filtered with a 20 eV slit on the zero loss peaks.

With the TEM we generated maps of the regions of interest, by acquiring images at low
magnifications (between 250X to 400X) of all the grid holes; the images were post
processed using Photoshop CS6 software (Adobe) to reconstruct the entire sections or

part of them.
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Tables
Step Description
Perfusion Paraformaldehyde 4% + Glutaraldehyde 0.1% in PBS

3 03 LREN

Bag=atin

S LA

‘o + Glutaraldehyde 0.1% in PBS at 4°C Fixation 4 hours Paraformaldehyde 4 ©
‘Wash 1in PBS 1X
vet Dissection Dissection, keeping samples v

1 in Sodium cacodylate buffer 0.1 M at 4°C

Fixation (protein)

Overnight Glutaraldehyde 2%

odylate buffer 0.1 M

‘Wash

3 x 10 minutes in Sodium cac:

Ferricyanide 1% in Sodium cacodylate buffer 0.1M

Post-fixation (lipids)

1 hour OsO, 1% + Potassium

odylate buffer 0.1 M

‘Wash

3 x 10 minutes in Sodium cac:
1 in H,O MilliQ

Sthanol 20%

En bloc staining

1 hour Uranyl Acetate 3% in ]

‘Wash

2 in H,0 MilliQ

le

Dehydration

1 x 10 minutes Ethanol 70%
1 x 10 minutes Ethanol 80%
1 x 10 minutes Ethanol 90%
2 x 10 minutes Ethanol 100%
2 x 15 minutes Propylene oxic

poxy resin (1:1)

Resin infiltration

Overnight Propylene oxide : E

yolymerization for 72 h at 60°C

Embedding

Epoxy resin embedding, and |

Table 2. Embedding procedure for ideaisize biological samples.

The tdle reports in detail the entire embedding procedure of-glealbiological samples for TEM
analysis that we considered in this project. The most crucial steps in the procedure are fixation (and
postfixation), staining, dehydration and embedding. Dejraman the size and type of samples, these
steps, in particular fixation and staining, can be modified both in terms of mixtures of solutions and
time of treatments.



SMALL SIZE SAMPLE - MICE SCIATIC NERVES

Protocol V
Protocol 1 R L
idealsize Protocol 11 Protocol 11T Protocol IV optimized
a small-size
Protein Para 4% + Para 4% + Para 4% + Para 4% + Para 4% +
Fixation Gluta 0.1% Gluta 0.1% Gluta 0.1% Gluta 2.5% Gluta 0.1%
(perfusion) inPBS inPBS in PBS inPBS inPBS
Overnight Overnight Ovemight
Protein Overnight Gluta2% | Ovemnight Gluta 2% Gluta 2% + Gluta 2% + Gluta 2%+
Fixation in NaCaco Buffer in NaCaco Buffer Para 2% Para 1% +Form 1% | Para 1% +Form 1%
in NaCaco Buffer in NaCaco Buffer in NaCaco Buffer

Lipid Fixation

1h 050, 1%+
K:Fe(CN); 1%
in NaCaco Buffer

1h 050, 2%
in NaCaco Buffer

1h 050, 1%+
K:Fe(CN); 1%
in NaCaco Buffer

1h 050, 1%+
K3Fe(CN); 1%
in NaCaco Buffer

1h 0sO; 1%+
KiFe(CN); 1%
in NaCaco Buffer

Contrast

1h UA 3%
in Ethanol 20%

1h UA 3%
in Ethanol 20%

1h UA 3%
in Ethanol 20%

1ThUA 3%
in Ethanol 20%

1h UA 3% in Ethanol

20%

Table 3. Smaltsize protocol optimization.

The table reports all the embedding mderes tested on the mice sciatic nerves, starting from the
idealsize protocol (Protocol ). The optimized protocol is described in the last column of the table
(Protocol V).

Abbreviations: Para = paraformaldehyde; Gluta = glutaraldehyde; Form = foriyaédadaCaco =
sodium cacodylate buffer;&ke(CN) = potassium ferricyanide; UA = uranyl acetate.



Development of embedding procedures for the ME&TdTEMcorrelative method IZSANEN

jooo10id paziwndo ayl

"91e190k |AuRlin = YN ‘apIueAdLIIa)
wnisselod = {ND)3HtIaung are|Apoded wnipos = oJeplypprewlo) = wio4 ‘apAysprereln|d = eino ‘apAysprewlojered = eled :suoneinaiqqy
"(IX |090}01d) 3|qe) 8Y) JO UWIN|OD ISE| B} Ul PAGHISaP
‘(1 1020101d) |02010idj@@Is-ay) woll Bunuels ‘splod Jeulds adiw UO paisal sainpabduippaquia ayl e suodal ajgel ayl
‘uoneziwndo |02010id azIsWNIPa 't d|qe.L

20T [oueyg 0 2407 [ouemE Ul CGOTIOWT W | OG0T [OUWREN | %07 JQUEIDSW  |==0407[0URII W | 0467 [OWRIEN | T op07 [Omepg W Jseayuo)
%€ VI 26€ VAT 9%E VN UL %€V U %€ VAL 25 VAT %€ VAL EN
I3INE 0RBN] UL
Jagn 0OBEN
%[ "0 w,mgn N
WEwaA0 0
uopexyy pydry
A3jIng 0dBJEN UL a3png OeJeN ar A3qFng O3RN Ul J3png 0L IEN TH Jagng odejeN Ul Japng 03ueN Jagng odeJepN Ul 3L D3R RN 1T
Jagng odejeN an Jagng odeeNan - .
Pl H(NOPAD LORCRIEED 851 SNSRI .m. m_., J _% ' %1 NP 21 ANDPAN %1 SNDRIN ﬁ qm., o % .% ) 251 ANDPAN %1 AN
+%I fosO U8 +9%1 fOsO U8 +%]I 0s0 U8 e ' +%]1 fosO Ul +9%]I "0sO U1 +9%]1 FOsO Ut : +9%1 FOSO Ul +%1 FOsO Ul
Ryng odeDeN Ut Ryng odedeN m Ryng 0deJeN ur Iang 0deJEN Ul Byng 0deJEN Ul
6 o1 w0 g 051 Um0 IBpng oseJEN W | Iapng 09N U | Iapng oduden ul 057 WO BONg odeJEN W | Iapng 0eDEN U | 1apng osesun ul 051 Um0y ——
+ %[ elkd + %1 Bied %l Bm[D %l 1E3] 0T BIRd + % BIN[D + %1 Bred %Z Bm[H 2T BM[D 2T BIRd + % BIN[D + %1 Bled . )
LosTEND %7 IO LoesTEND WEPAQ WEIBAQ WERAO ) WERAQ WERA0 WERAO o5z wniD Reld
WERAQ WEWRAQ nEnaAG WERAQ WEImRAY
sed sedm sedm seadm sed sadu sedum sadm sadu Sed Sedm (worsny1ad)
%1°0 B0 %1°0 B0 210 BIND %57 B[O %g'T BND %g'T BINID %¢'T BND %1°0 BND %1°0 BINID %1°0 BmD %10 BInD uopexyy
+ 05t ered +05h ereg + 041 Bred + % ered + %P BT + %P vred + %P Bred + %P Bred + %t Bred +%b BIed +%b Bred Pl
JZIS-wnipaw
X [03010.1 4 XI [0203014 IIIA (030014 IIA 10303044 1A [03004 A [030j0.04 Al 10201014 111 10301044 11 10301014
IX 10201044 1 102030404

STAOD TVNIAS HOIN - TTJINVS TZIS WNITATIN




‘are1ade |Auein= N ‘aplueAdllia)

wnissejod 3 {nag)EH®IR|APOoERD WNIPOS = 0dedeN ‘apAysplewlo) = wio4 ‘apAysperein|d = evinjo ‘spAyspjewlojered = eled :suoneinalqqy
"(1X 1000101d) 8|ge} 38U JO UWIN|OD ISE| BY} Ul PagLIOSap

uo paisal sainpasoid Buippaqwa ayl e suodal ajgel aylL
‘uoneziwndo [090101d 8zIsabieT G a|qeL

51 j020304d paziwndo ayl (] [0201d) [coumMP@NSIY] Woly Bunueis ‘spiod feuids siel

, . ——%0T [oueyyy ut .
— 250 [ouey ur LoDTIOWEPT W  |—240T [PUBPH W |l GOTTOWRPT W | =0T [CUCIFUL DO [OUBPA W [TIG0OUERT I (——050F [OURyI Ul h\er Mnou‘ﬁwyp - eoTiommmA T JSEU0)
%t ¥ UL %€ VAL %E YOIl 2%EVAUL Dot Vam 4T 26 YN UL 2eE VI 9%t YN UT émﬁcu.—_o FHEVYNUL
1apng 033N Jagng oaeeN o
WEMAAD %1 oSO UL
. ISINE-00BRK] UL DINEORAEN A | syneL0aeIey U1 IS]ING=0dB BN UL iy OBUSEN 1 TIng oaeEN Ul
—061 (NI : : Ol P(NDRATY : N0 N INE-03RIEN 12130l 02EIRN -
+91 '0SO L '0%0 %T *050 %2 %050 % ‘050 WELAQ WELAQ WFwAO %l 050 uopextg pdry
i e WE2A0 PuE A o UL GHERY o o A AR
WA P ERLRA0 pUE A2 1 i ERRAG iy
—IaLRE 02BN U JRINE0IEN T JAINE 0N UT TRIINE OMDEN W |——I2LNF-0MILN T IANE 0ILIEN T [— JANG-08EN 1T JRNE 0ILIEN-TT TINE VISR
951 Y(ND)II'N LR ER)CED 251 A(NDRITN 2%RTANDRAS [N %I M(NDRA™ [ 4T "Os0 8 T el D RATH %1 (NPT %1 A(NORTN
+%Z *0SOT8 +%1 *0sO I8 +9%I YOs0 18 +%1 fOsO s 051 *Os048 +94T FOSO 18 +9%1 oS08 =20S0 8 +%1 oSO s
Laggng osue WNE 0N T JAENE 03N I JAZENEF 0N T IEENSF OIDENIT JENFF DN W IS OILIUN W IO 0N W TAEENG OILIEN UL SALERE DIV U XAINET OILIENFUL
04T 04 4 131 BEEG ssj uo a\u_. uuog 04 ULIO 0, ULIO 95 U0 [ RUILE] 94 ULIO{ [PARUILE] .wa_. o ..xo—‘ uuog wonexLy
Loaet e + 9] wiRg +%] eneg + 951 BId + 0] e + 051 wreg + 9] wmg +97 Bl + 951 wreg +91 eng +0p1 Bed P01y
r_wES,O +%S°T MO +%s T BN +%¢S T emD +94¢°C B[O +948°C BIN[D +9¢°C BIN[D +955°C BIN[D 96T B[O 9567 BINID) )
T WBIAQ WENIAD WERAQ WENLAQ WENUIAD WENLRAD WEWRAQ WBNUIAD WENLAO
s W SHd W sgd sad W saq sadm sadm SEd T sdd ™ SEd 1 sddm (wogsnyad)
s 0 BIN[D %50 BIND 870 BIMD %ot 0 BIND %&°0 BN %&0 BINn %L0 B[O %80 B[ %S0 BND &0 BIMD %50 BIMD uonexyy
+ %t RIed + %t vk + %t BIRd + %t RIRd + Gt B + 9F RIRd + Ot elvd + %t Bled + %% erRd + % Bled + %1 eIed upa0ag
azys-adae] AZ|s-wnpaw
pazyupdo X [020)01g X1 10203004 1IIA 10203004 TIA 1020300 1A [020J00d A [02010ag Al 10203014 111 10203014 11 10201044 pazyuipdo
IX [0301014 I 10201014
SAI0D TVNIAS SIVY - A'TIINVS JZIS DUV




"arelade |Auein = yn ‘epiueAolus) wnisselod = {ND)a3§ ‘1aynq a1ejApoded

= odedeN ‘apAysprewlso; = wio4 ‘spAyspleleinib = e ‘opAysprewlojered = ered :suoneinalqqy
‘SIsAleue aAe|a1l02 Ino

Sal 1s9q ay1 10} payipow Ajeauioads aney am sainpadsosd Buippaquwa uapuadazs ay) e suodal ajgel aylL
'9zIs ajdwes yoea 1o} ainpadoid Buippaquwa oyoads ayl "9 a|qel

o
<
=]

3]

€

)
=
ke

)

P

f—

)

O
=
m
h)
=
IS
=

()
<
-

S

o)
2

%)

0]

P —

S
S

)

)

o

P

o

o
=
=]
S

)
o

e

()
—

o
—

c

)

e

o
i)

3]

>

)
o

%0T JOUWBTHE W %€ VN UT

%07 JOWRTT Ul %E V1 4T

90T oW Ul %E W 4T

%07 TOUWBT W 9%E VYT

1SRN0

IajIng OJBEN Ul
%1 *(ND)2A5
+ %1 'OS0 WBmIaAD

Iajng OJBDEN U
21 "0s0 WSmIRA0

uonexyy prdry

Ia[ng oJeJEN UT Ia]Ing 0JREN U I31INg 00RDEN W Ia1Ing OoeEN Ul
%1 *(ND)=I 2% A(ND)RIS %1 (NDJR A5 2%T 2(ND)2 A5
+%Z 7OSO Ug +91 FOSO Ug +%T FOSO U1 +%TFOsO I

IajIng OdBDEN Ul I3jIng 0deEN Ul I3]Ing 00eDEN Ul

%[ W0 + %[ Bred
+9%¢°T BN JBImIRAQ

95T WO + 94T Bred
+94€°7 BIND JYSmIang

%1 WO+ % ered
+ % BIND JYBII=AQ

Ia[ng OJBJEN Ul
%T BN JYBIuILA0

uonexLy urRjolg

Sad w
%5 0 BIND + %F Bled

Sad w
%7170 BINID + %t BIed

Sad W
%170 BIND + % Bled

Sad w
%170 BIND + % Bled

(uorsnyiad)
uopex|y uploig

(spiod euds syer)
1030})01d 371§-351eT

(sp102 jeuds 3d1ur)
[0d0301g
IZIS-WMIPITA

(S2AI3U J1)RIDS D7)
1090})0.14 IZIS-JleWS

(ardures qeapn)
1090)0.d 3ZIS-T€9PI







Krabbe disease study: pathological hallmarks and lower motor system characteriZi iy

Chapter

Krabbe disease study pathological hallmarks
and lower motor system characterization

In this chapter,| will show the applicatio of the correlative micrk€T/TEM approach for the study of

Krabbe disease, which has been also described in the paper Parlanti et al., 2017. Whiletiscuss

the wide ultrastructural characterization with TEM of the lower motor system of the mddelldfe

disease, at early and late stages of the patholbgparticular, tis analysishas been reportenh the

peerreviewed and published paper with authors V Cappello, L Marchetti, P Parlanti, S Landi, |
Tonazzini, M Cecchi ni , asticturPal chararterizaBon o th&lewammiotor i Ul t r
system in a mouse mS8aclRep. 2016 DeK5;641p1b doi: DL03B/e44-BAS O

0001-8. Experiments and data shown in each figure were performed and analyzed by V Cappello and P
Parlanti.

The analysis of samples through mi€®d has been one of the first steps towards the
characterization of th@WI mouse experimental model of Krabbe Disease (KD). In
particular, the 3D reconstructions of the sciatic nerves, used to guide the sectioning
directly across the VOIs, allowed us to understand the distribution of infiltrating globoid
cells within the tissue.

After an introduction on the pathology, in this chapter | will shibgvapplication of the
micro-CT/TEM approacton looking for globoid cellrifiltration. | will thendiscussthe

TEM characterizatiorof spinal cords, sciatic nerves and gastrocnemius muscles of
animals in the early symptomatic period (P15) and at the pathological end stage (P30),

to investigate the temporal and spatial progressfdD.



3.1 Globoid Cell Leukodystrophy or Krabbe Disease

Globoid Cell Leukodystrophy (GLD), also known as Krabbe Diséase a severe
genetic neurodegenerative pathology, belonging to Lysosomal Storage Disorders
family’>. In KD, the autosomal recessive mutation of galactosylceramidase (GALC)
gene (140248-q32.1°) leads to a reduction in the enzyme activity and to tHevfirig
accumulation of its neurotoxic metabolite galactesptiingosine (psychosine, PSY5*
Three forms of KD have been described, according to symptomsonset
- infantile form can be divided in two groups, tlearly infantile formand thelate
form.
The former is the most frequent and severe (95% of KD fofmSymptoms occur
between 1 and 6 months of &Ydt is initially characterized by hypertonicity and
hyperactive reflexes. Hypotonicity, psychomotor impairment, blindnesd a
unresponsivity characterize this pathology at later stadesThe neurologic
deterioration is rapid, leading to death withifi@nd & year of agé® ”".
The late infantile form usually occurs between 6 months and 3 years and death
occurs by 23 years after the ongéf’. The course is progressive, characterized by
initial loss of vision, irritability, psychomotor regression, stiffness, afaxia
- juvenile form this form has onset betee the & and the & year of age; the course
is progressive, with variable clinical symptoms (most common, loss of vision, ataxia
and psychomotor regressiéhi®
- adult form can occur after the"8year,commonly around 2Dyears. Phenotype is
usually milder and progression slower. The lifespan can be normal or in some cases
the progression can be very rapitf
Demyelination in the central and in theripberal nervous systems (CNS and PNS,
respectively) and immune cells infiltration are the main pathological hallmarks of all

KD forms'+7880

3.1.1 The GALC defects and Krabbe Diseaspathogenies

GALC is a lysosomal enzyme involved in the metabolism of galactolipids, being

responsible for galactocerebroside degradation to ceramide and g&fdétose
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Consequently, galactocerebroside is catabolized with an alternative pathway that leads
to the accumulation of the neurotoxic intermediate BSY

PSY mainly accumulates on membranes of mgdiig cells, that are one of the main
pathological targets, causing their degener&tin Galactocerebroside accumulation,
instead, has been observed only in macrophages, which phagocytize this molecule and
change their morphology in multinucleated globoid &&lfs

It has been described that PSY carries out its neurotoxic effect via mitochondria,
inhibiting the electron transport chain, altering the oxidative phosphorylation, releasing
CytochromeC and activating caspase 3 and 9. Moreover PSY inhibits cytokinesis
pathways|eading to the formation of globoid céfls

However, KD molecular mechanisms responsible for this complex scenario are still not

completely understood, making the development of effective treatments difficult.

3.1.2 Krabbe Diseasdreatments

KD is a complex disease anifferent pathological pathways can be targeted for (tires
For this reason, several therapies have been explored for KD treatment, which can
address the cause of the patiyyl (e.g. GALC activity) or reduce symptoms (e.g.-anti
inflammatory)°. To improve their efficiency, some therapies can be comBined
So far, therapies can be organizedino groups:
- singlemodality therapiesthis group includes approaches for increasing enzyme
activity levels (enzyme replacement theraisRT®" #3 viral mediated gene therapy
- VMGT®® transplantation of stem/progenitor c&li¥, chemical chaperon¥s?)
or reducing PSY accumulation (substregduction therapy, SRY'%. Moreover,
treatments with aninflammatorie$®**%? and antioxidant§8®'** are common.
However, these approaches are minimally effective, only slightly stpwhie
disease progression and increasing the average lifé$p&h
- multi-modality or combined therapies these approaches address different
pathological pathways that cannot be treated with simgldality therapies, leading
to more successful results. Most of these therapies inermthe bone marrow
transplant (BMT), standard care of KD, with other therdfiesBMT+SRT

increases GLD activity and reduces PSY levels, with a general



immunomodulatiolf®. Similarly, coupling BMT and aninflammatories lead to
higher GLD activity and immunomodulattf’®. ERT+BMT® and
VMGT+BMT 88810819 anjace GLD activity (short and lortgrm, respectively)
while modulating the immune response. Finally, VMGT+SRT+BMT shows the best
and most promising results, increasing the GLD activity, reducing the PSY
accumulation and leading to a therapeutic immunomoduf8tiofhe positive
results shown by combined therapies are not only in thephfe extension, but also
in reducing symptoms severity®
Some of these treatments, in particular combined approaches, seem to be promising.
However, KD pathogenesis is still not completely understood and a more precise
knowledge of is mechanisms would be crucial in the development of more effective

therapies.

3.1.3 New theories onKrabbe Diseaseprogression

The most widely used KD model is the Twitcher mouse. TWI mice have an autosomal
recessive mutation of GALC gene that causes the Ké&hptype, with biochemical and
pathological signs similar to those of the human disease. Symptoms onset occurs at
about P15, and dea#tP40 in homozygous TWI mice C57BL/6%°

Recent studies on TWI mice have shown that PSY accumulation induces neuronal
dysfunction before the onset of demyelinalfdh'’. Moreover, the analysis of
endothelial cells alteration (mainly in blood vessels wafts)* suggests that in KD
several cell types undergo degeneration.

Interestingly, it has been demonstrated that axonopathy starts before the death of
neuronal body, suggesting a dyibgck proces§>!**14!15 Thjs evidence has been also
confirmed by the higher level of Caspdadean inflammatory signal, which is higher
expressin KD sciatic nerves compared to KD spinal cdtdsThese observations
contrast older theories of demyelinatidapendent and dyiAigrward progression for
KD, based mainly on the ultrasttural characterization of the peripheral sciatic
nerve$®'!” Subsequently, therapieactivity should be extended to other districts,

instead of only to CNS.
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3.2 Pathological hallmarks characterized by micro-CT/TEM

We applied the mick€T/TEM correlative approach for the detection and the selective
characterization of globoid celisfiltrating TWI sciatic nervesThose cells uniformly
distributed into this tissueare usually well separated from axons and this feature
allowed discriminating them from Schwann cells that are always assowiitethem.

We could easily visualize globoid celbs smalintercalated islands between axons,
both in the planar (Figur20A,C) and in the orthogonal (Figu2®B,D) views of micre

CT virtual sections.

After preparing an array of sections for retrieving the cutting direction and the position
of the firg section in the 3D computed tomography, we identified a single infiltrating
cell in the 3D rendering and in virtual slices (respectively, arrowheads in Fgare

and arrow in Figur@1C). By measuring the distance between the last cut section of the
alignment array and the selected globoid cell, we could calculate the volume of sample
to be removed before the cutting surface approaches the VOI. We removed 500 nm
thick slices atrelatley f ast speed (5 mm/ sec) stopping
to maintain a safety volume on which checking and finely tuning the registration. After
milling, we cut one section to confirm the correct alignment and the position. Then we
further proceedito cut 500 nm until the selected cell was visible in the section at the
optical microscope. Finally, we prepared an array of thin sections (90 nm) of the whole
volume of the cell, and observed with TEM for the ultrastructural characterization
(Figure21D-F).

Globoid cells, as previous described in Suzuki and Suzuki in 1983, show the
morphology of activated macrophay@sThe main feature of these cells is the presence
of lysosomes that separately stock cytoskeletaments or myelin sheaths (* and
arrowheads in Figur@1F, respectively). Several cells can often be observed in close
proximity to a blood capillary in regions strongly affected by the pathology, where the

degeneration of myelin sheaths is particulamportant™®.



Figure 20. Globoid cellidentification.

(A,

C) Virtual slices of a sciatic nervegpared with the smatflize protocol, in which it was possible to

identify infiltrating cells; two representative cells are indicated with yellow and red arrowt{Bzd}.
Longitudinal views of the same sample in which the cells located in A and C dle wisd colored, in

yellow and red respectively.
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Figure 21. Identification of the same globoid cell in 3D rendering of a sciatic nerve, in virtual
slices and in sections for TEM.

(A) 3D rendering of a portion of sciatic nerve treated with the ssimdlprotocol, in which it was
possible to identify an infiltrating cell (white arrowhead®) Virtual slice of the same sampléC)

Higher magnification the boxed region, in which the selected cell is pointed out (agD).
Identification of the same celh 2D TEM map (arrow). In black, the meshes of the g(ilF)
Ultrastructural characterization of the selected cell. Arrowheads and * highlight cytoskeletal elements
and myelin sheaths, respectively, inside the globoid cells.



3.3 TEM characterization of TWI mice tissues

The wide characterization of tissues cannot exclude focused analysis, by mean of TEM

imaging, as well as the morphometric study of pathological features in comparison with

physiological ones.

For this reason, in this part of my worleeft the correlative approach focusing instead

our analysis, by mean of TEM imaging, on the characterization of the lower motor

system of TWI micE*® at P15 and P30, in comparison with the morphology of WT

littermates.

Our aim was the analysis of spatial and temporal progression of KD. For this, the lower

motor system is extremely interesting because of the presence of three different districts:

CNS, PNS and musculoskeletal systems. The acquired data in the tvetogiati

stages here studied can give information concerning the disease progression, clarifying

the debate between dykufigrward and dyingback theories, as well as the involvement

of tissues different from the nervous one.

In this extended analysis, ftite determination of KD spatial and temporal progression,

we studied the same features at P15 and P30. We started the analysis form the early

stage (P15), at which no cognitive impairment but only mild motor defects have been

described in TWI mice. Themye compared our observations with the ones found in the

late stage (P30).

We characterized the ultrastructure of the three districts that constitute the lower motor

system (Figure 22). To do that, we followed the route of motor neurons (MNSs)

analyzing:

- the lumbar tract of spinal cords, focusing on MNs soma in the ventral horns of the
gray matter;

- the sciatic nerve, made by axons of the skiiNes;

- the gastrocnemius muscle, which is innervated by MNs axons.

We identified several cell types that undergo KD atefent modification, in particular

neurons, glial cells (myelinating and nmyelinating), endothelial cells, ependymocytes

and myofibers.This approach led us to highlight some phenomena never described

before, which could be considered in the developrokEnew therapies.
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Figure 22. The route of the lower motor neurons.
Lower motor neurons bodies are placed in the ventral horns of spinal cord; passing through peripheral
nerves, their axons reach the skeletal muscle, where they form the neuromusctiamgu

3.3.1 Ultrastructural characterization of the lower motor system at
early stage
In order to describe the disease progression, we started our analysis from the early stage
of KD, where only mild signs of the pathology are foresight.
In this work, allthe data are expressad mean, standard deviation, number of values of

experimental group and the P value of stiatistests (see paragraph 3)6.9

3.3.1.1 P15 spinal cords

Motor neurons soma characterization
We analyzed MNs bodies in TWI spinal cords, andcasapared our results with those

of WT littermates.



We did not observe alterations in MNs bodies (Figure 23B), such as the presence of Iytic

organelles, which could suggest MNs impairment.

Blood vessels and ependymal channel characterization

Ependymocyte appear unaltered, with tight junctions across their membranes and a
well-organized microvilli structure (Figure 23D).

Capillary walls, formed by endothelial cells, appear slightly discontinuous with
intraluminal protrusions (Figure 23F), which are corapé with those observed in WT
mice (Figure 23E).

3.3.1.2 P15 sciatic nerves

Qualitative and quantitative characterization

We analyzed the ultrastructure of the main branch of sciatic nerves after their

trifurcation.

We observed the enlargement of TWI sciatioveediameter and an increased dispersion

of myelinated axons (Figure 24B). While axonal area appeared increased in TWiI

samples (Figure 24E), no significant differences in the other morphometric parameters

describing axonal features are observed (Figur€sR2&,G).

- axonal density: WT% @6.63T7NOTOM6 &% Orst/NOn
n=7,P =n.s. (Figure 24C).

- cytoskeleton (Cy) el ement s? medGiTWly WT:
221N58 el emeonR ssn/se(figure 24D).

- axonal mitochondrial des i t y: WT . 0. 6N6.n5= 1miTWbc hond1
0.8N0. 4 mi £ asl0oPreds. (Fayre 24E).

- axonal area: 2WTn =3.5%MN:2. TWenb04*P 3 B@2441 & m
(Figure 24F).

- myelin sheath thickness (M$T): 6WRNO0.QA96 2N
=50, P = n.s. (Figure 24G).

Myelinating Schwann cells and myelin organization
The cellular processes of Schwann cells (SCs) surround axons in a compact spiral of

cytosol and membranes, forming myelin sheaths in the PNS. Evers itvell known
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that SCs are the most affected pathological target in KD, in this early stage we did not
observe significant alterations in the myelin structure. Myelin concentric layer are
tightly arranged, and we did not find any unmyelinated axons r&ig24B).

Furthermore, although some swelling of SCs cytosolic compartment was observed
(Figure 24B), this is likely a very early phenomenon as it is not associated with

subcellular compartment degeneration.

Non-myelinating Schwann cells and Remak bundles

Additionally, we characterized the morphology of thecatled Remak bundles (RBSs),
structures formed by a nanyelinating SC surrounding sensorial axons. In TWI sciatic
nerve RBs structures are smaller than in WT, both in terms of size and number of
sensoial axons per bundle (RB in Figure 24A,B). Moreover, RB envelopes appear more
electrondense and wrap each axon two or three times (Figure 24l).

3.3.1.3 P15 gastrocnemius muscles

We focused our examination on motor units (one motor neuron and all the fibers it
innervates) of the gastrocnemius muscle in WT and TWI mice (Figure 25). This muscle
has been well characterized to be more prone to degenerative processes in pathological

conditiong®120:12

than other skeletal muscles, because gastrocnemius is a fast twitch
muscle predominantly formed by fast fatigable motor tfitd* compared with other

slow twitch muscles such as Soleus one.

Muscle fibers

For muscle fibers characterization, we quantified the area of single myofibers sections
(Figure 25A,B), whichshow in TWI mouse a reduced diameter (Figure 25C; WT:
21.7N5.5 e¢€m, n = 200; TwH 18.0N3.8 &e&m, n =

Sciatic nerve endings and neuromuscular junctions characterization

We then analyzed the terminal branches of sciatic nerves (Figur€)29Bese are
constituted by at least one or two axons and the terminal SCs associated with the
neuromuscular junction (NMJ). While in WT animals all the NMJs are innervated, in the
TWI mice we observed three different NMJ phenotypes:

- type linnervated WMJs similar to WT ones (Figure 25G,H);



- type 2 altered innervated NMJs (Figure 25I), characterized by the presence of
smaller and flatter dark buttons (at least 3 for each NMJ) with a more electrondense
cytoplasm. The number of synaptic vesicles is drakyi reduced and those
remaining are docked to the plasma membrane. In type 2 NMJs an increased density
of Cy, compared with WT or with unaffected TWI NMJs, is obser¥éigher Cy
density should be a prerequisite for impaired synaptic transmisstéh and
following NMJ denervation. In several cases we found the presence of lytic
organelles and/or degerating organelles.

- type 3 denervated NMJ (Figure 25J), in which the presynaptic element is missing,
the primary fold is flattened but the secondary folds are still present.

Only half NMJs are innervated at P15 (type 1), and both type 2 and 3 are jpresent

percentages of each class are reported in Table 7.
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Figure 23. TEM images of P15 spinal cords.
(A,B) Perinuclear region in motor neurons bodies of P15 WT (A) and TWI (B) spinal ¢Gr@».

Apical region of ependymocytes in P15 WT (C) and TWI (D) sasplith clearly visible ceitell
junctions (arrowheads), microvilli and ciligg,F) Endothelial cells forming capillaries wall in the grey
matter of P15 spinal cord of WT (E) and TWI (F) mice. In both samples at P15 intraluminal protrusion

and wall discatinuity (arrowheads) are observed.
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Figure 24. TEM characterization of P15 sciatic nerves.

(A) Representative TEM micrograph of P15 WT sciatic nerve of the main branch after nerve
trifurcation. (B) The same region of TWI sciatic nerves of P15 animat dénsity of axons is reduced

in TWI samples because of enlarged Schwann cells cytosolic compartment (SC) and because of the
presence of infiltrating cells (GC). Remak bundles are labelled with(BBEvaluation of axonal

density (number of axons/axonafea). (D) Evaluation of cytoskeletal elements densi()
Quantitation of axonal mitochondriaymber of mitochondria/areg)r,G) Morphometric evaluation of

axonal parameters (axonal area and myelin sheath thick@idy¥dremak bundles in P15 WT sciatic
nerves with their pale electrolucent matrix and with single winding around sensorial @xdviere

complex and electrondense features are characteristic of P15 TWI Remak bundles.
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Figure 25. P15 gastrocnemius muscle.

(A,B) Optical microscopy imagesswing the features of myofibers in P15 gastrocnemius muscle of
WT and TWI mice.(C) Evaluation of mean values of myofibers diameter in WT and TWI n{izk.
Evaluation of the percentage of innervation in P15 mice; even if the number of denervated jisctions
10%, the 40% of NM¥howed an altered phenotyd&,F) Representative electron micrographs of
coronal sectioned nerve ending axons in P15 animals; the density of cytoskeletal elements and the
number of trapped mitochondria are increased in TWI sanfplesompared to WT littermates (E).
(G-J) TEM morphological classification of the NMJs in P15 muscles. We identified an unaffected
phenotype (H; typel) similar to the WT architecture (G), a partially affected phenotype (I; type2) of
innervated junctions elracterized by an increased density of cytoskeletal elements in the presynaptic
buttons, and a denervated phenotype (J; type3) in which the presynaptic element is completely lost.



3.3.2 Ultrastructural characterization of the lower motor system at late
stage

Our observations on P15 mice have revealed only mild impairment of the lower motor

system, as expected in this KD early stage.

However, moving our target to the esihge, we observed a more severe scenario that

exacerbates all the early symptoms we habaerved and shows several new ones.

3.3.2.1 P30 spinal cords

Motor neurons soma characterization

We characterized 3P0 MNs bodies from TWI versus WT spinal cords. The
ultrastructural features (size, shape, localization and number) of the MNs soma were
similar in the two experimental groups (Figure 26A,B).

We only found a mild disorientation of actin filaments in the perinuclear region of TWI



Krabbe disease study: pathological hallmarks and lower motor system characteriZi: Ay

organelles (mainly Golgi cisternae, dG), and less tight junctions, which are also reduced
in number and size (arrowhead in Figure 27B).

In addition, a separation between the two layers of the nuclear envelope can be observed
(* in Figure 27B), with the two bilayers and the structure of the nuclear pores still
visible (respectively, arrowhead and arrows in Figure 28B). Microvilli are coehplet
disorganized (Figure 27D) while cilia and axoneme structures (inset in panel D) show no
alterations.

Concerning endothelial cells of the capillary wall, in WT samples (Figure 27E) we
observed a continuous basal membrane (arrows), endothelial cellwittE)tight
junctions and pericyte processes (P). In TWI samples instead we detected few regions
with a thinner wall (arrowheads in Figure 27F) and several intraluminal protrusions of

endothelial cells (*).

White matter axonal organization

Both axonal andnyelin sheath architectures are altered in the white matter of spinal

cord of TWI mice compared with WT ones (Figure 28C,D). We found that, in several

cases, a clear separation is present between axons and their surrounding myelin sheaths.

Cy density folbws the same trend observed in peripheral nerves indicating that

neurofilaments and tubules are more densely packed.

We applied the morphometric analysis on the ventral root axons. We found that:

- axonal area: WTn 9.7X6, 5 TPWim 1261*PK0. 9 ¢em
0.0001 (Figure 28E).

- MST: WT 0.14N0.04 &m, n = 126; T WI 0. 2
(Figure 28G).

In TWI mice the value of axonal area and the MST are significantly larger than in WT

ones (Figure 28E,G). The same trend was obdénveach experiment (Figure 25F,H).



Figure 26. TEM images of P30 motor neuron bodies in spinal cord.
(A,B) Motor neurons bodies (highlighted in cyan and pink) in the spinal cord of WT and TW
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Figure 27. TEM images of P30 ependymocytes and endothelial cells in spinal cord.

(A,B) Representative TEM micrographs of the apical region of Wisuge TWI ependymocytes.
Arrowheads: cell to cell junctions; *: gaps separating the two lipid bilayers of the nuclear envelope;
dG: degenerating Golgi cisternagC,D) Higher magnification images of microvilli and cilia (inset) in

the apical region of epegdhocytes of WT and TWI sampleéE,F) Architecture of WT versus TWI
capillary. P: pericytes surrounding endothelial cells; E: endothelial cells; arrows: basal membrane; *:
intraluminal protrusions; arrowheads: thinner and discontinuous endothelial profiles
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Figure 28. TEM characterization of nuclear envelope in ependymocytes and white matter axons.

(A) The nuclear (N) envelope of ependymocytes in WT spinal cords. Arrowheads indicate the two
bilayers of nuclear envelop@) In TWI spinal cord ependymotss the two layers of nuclear envelope

are split and it is still possible to identify both the two bilayers of the envelope (arrowheads) and the
membranous link of nuclear pores (arrows). In addition, the actinic cytoskeleton of the perinuclear
region (Cy)shows an altered phenotyg€) TEM image of ventral roots of spinal cords, characterized

by the presence of small diameter axons with a-wmganized myelin sheath, the presence of
mitochondria and cytoskeletal elemer(f8) Axons of the same region the spinal cord of P30 TWI

mice show increased axonal size, thicker myelin sheaths, more densely packed cytoskeleton and
increased number ofitnchondria per axonal are@E,G) Axonal area and myelin sheath thickness are
increased in TWiompared to WT ltermates.(F,H) The same trends have been observed in each

experiment.
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3.3.2.2 P30 sciatic nerves

Qualitative and quantitative characterization
We analyzed the ultrastructure of sciatic nerves and built up 2D maps of the whole
section of the biggest nerve bran@kigure 29A,B). The trend we observed at P15 is
now extremely more pronounced: we observed a significantly larger nerve diameter in
TWI mice compared with WT ones during the sampling. At the ultrastructural level, we
observed that this effect depends oarfmain factors:
- the presence of cells from immune system, especially globoid cells;
- higher level of collagen fibrils (scar tissue);
- enlarged cytosolic portion of SCs;
- increased empty space between axons.
The evaluation of the density of myelinatedas within the main branch of the sciatic
nerve has shown a significant reduction in TWI mice compared with WT littermates
(Figure 29C): WT: 0.023+0.008 axoesf’, n = 42; TWI: 0.007+0.004 axoreh?, n =
47, ****p < 0.0001). The same trend has been observed in each experiment (Figure
29F).
We performed a morphometric analysis on myelinated axons (50 axons for each
experimental group, Figure 293 based on the aim ultrastructural parameters: area,
MST, diameter and perimeter.
We found that:
- average axonal area is significantly larger in TWI sciatic nerves: WT: 6.99+4.37
em?, n= 150; TWI: 12.53+6.24m? n= 150, ***P < 0.0001 (Figure 29])
- MST of TWI sciaticnerves is larger: WT: 0.28.34em, n= 150; TWI 0.930.31
em, n= 150, ***P < (0.0001 (Figure 29E);
- same trends have been found in each experiment (Figure 29G,H);
- perimeter and diameter evaluation indicates that TWI axons are swollen compared
with WT ones (Figure 291,J).
The organization and density of Cy components is altered in TWI sciatic nerves (Figure
30A,B). Axonal microtubules and neurofilaments in TWI mice appear as a denser and
more tightly packed structure compared with the corresponding W&rder to quantify

the axonal Cy density we developed a saotbomated method of image analysis. This



method generates a bitmap of the neural axonal sections (Figure 30C,D) and counts the
number of particles (i.e. Cy crossction dots) per axonal areagiire 30E). Our results
indicate that axonal Cy in the sciatic nerve of TWI mice is more densely packed than the
WT ones (WT: 18837 elementsim?, n=30; TWI: 25170 elements/m?, n= 30, ***P
=0.0007).

The number of trapped mitochondria in axons withighher Cy density is larger in TWI

mice than in WT littermates (Figure 31B,C; WT: 0.4+0.2 nungive?/ n = 30; TWI:
0.8+0.6 numbegim? n= 30, **P = 0.0004) and this trend was observed in each WT
TWI couple.

The increased Cy density, that was shown bedagised by the reduction of
phosphorylation levels of neurofilameHts™> could cause axonal transpdefects that

lead to entrapment of mitochondria. Defects in axonal transport has been related to

several neuromuscular disord@ré*126,

Myelinating Schwann cells and myelin organization

We observed a tight, wetlrganized myelin sheath of SCs around each axon in WT
sciaic nerves (Figure 32A). Conversely, sheaths in TWI samples are less organized and
intermingled by empty spaces (* in Figure 32B) and display orientation changes of
adjacent myelin layers.

TWI myelin thickness is significantly larger than WT one (Figué& M). However,
number and thickness of a single myelin concentric layer are conserved between TWI
and WT samples (42+2 rings; 11+2 nm thickness).

We then performed a more detailed investigation of the myelin sheath organization to
unveil the causes of iheffect. We selected a subpopulation of WT and TWI neurons
with area comprised between 3.5 and #n%, to avoid differences in MST related to
axonal size. A grajevel profile of the image along a line crossing the myelin sheath
shows disorganized strure of the myelin concentric layers through the entire TWI
myelin sheath section (insets in Figure 32A,B). In WT mice the profile exhibits a
doublepeak pattern in each wrap of the myelin sheath and the distance between peak
pairs, the height of each peakd the distance between the two peaks in each pair are

constant throughout the sheath (Figure 32get). Conversely, the profile across a TWI
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sheath is characterized by an irregular distribution of both peak intensity and spacing,
which completely maskihe double peak motif (Figure 32Bset).

We also observed that peripheral layers of the sheath (both in the inner and in the outer
side) are generally more prone to alterations. This appears as a constant increase in the
spacing between two consecutivgelin layers on the outer part of the sheath (Figure
33A) or as a significant penetration into the axonal lumen by the few innermost myelin
layers on the inner side (Figure 33B).

Moreover, we observed an increased cytoplasmic area of SCs in TWI axdNg. In
axons, SCs are flattened around the myelin sheath and only small portions (mainly
nucleus or perinuclear regions) are visible on the external side of the sheath (arrowheads
in Figure 34A). Instead, the TWI SCs appear enlarged (Figure 34B) exhibiting
degenerated organelles, mainly damaged mitochondria and swollen cisternae of
endoplasmic reticulum (respectively dM and sR in Figure 34C). Finally, some
organelles, probably cisternae of the Golgi apparatus, are so degenerated that even at

higher magnificatn only a few discontinuous membranes are visible (arrowheads).

Non-myelinating Schwann cells and Remak bundles

Surprisingly, we observed severe morphological alterations in the Remak bundles
(RBs). RBs in WT sciatic nerves are constituted of ten to tyvemalldiameter axons

(in the range of 0-8-5 em) wrapped by an electrolucent envelope of-nyelinating

SC cytoplasm (Figure 35A,B). By contrast, we observed smaller groups in TWI mice,
consisting of up to ten small axons surrounded by a more eled#trse envelope
wrapping twice or three times dmaxon (arrowheads in Figure 35C,D).

We also observed, in TWI sciatic nerves, a peculiarpggulation of myelinating cells
close to RBs that enclose more than one axon (Figuresj5khile, generally the ratio
axons:myelinating cell should be 1:1 in acton. This observation suggests that a
variable architecture of myelination is a specific feature of the TWI sciatic nerve. We
classified three different levels of multiple myelination processes (MMP, from the most
to the least common):

- one regulassizeaxon close to one small axon (Figure 35E);

- one regulassize axon and up to five small axons (Figure 35F);

- more than one regulaize axons (Figure 35G).
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Figure 29. Qualitative and quantitative TEM characterization of P30 sciatic nerves.
(A,B) Represatative micrographs of WT vs TWI sciatic nerve. The total size of sciatic nerve is
increased in TWI sample$¢C) Evaluation of axonal density mber of axons/axonal aredp,E)

Morphometric evaluation of axonal paramete(B-J) The same trends were obssd in each
experiment.
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Figure 30. Axonal cytoskeleton density is increased in P30 TWI mice sciatic nerves.

(A,B) TEM images of representative axons in WT @jd TWI (B) sciatic nerveqC,D) bitmaps
obtained with the ser@utomated method to compuéxonal cytoskeleton density from the images in
A and B, respectivelyE) Quantification of cytoskeletal elements density.











































































































































































































































































