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Faith is a fine invention
For Gentlemen who see!
But Microscopes are prudent

In an Emergency!

— Emily Dickinson
(1830-1886)

American poet.
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Abbreviations and Glossary

Abbreviations (alphabetic order):

AIS: ASIA (American spinal injury association) impairment scale
AFM: atomic force microscopy

CNS: central nervous system

CSF1-R: colony-stimulating factor 1 receptor
CSF: cerebrospinal fluid

CSPGs: chondroitin sulfate proteoglycans

E: Young’s modulus

ECM: extracellular matrix

F-D curve: force-distance curve

FS-AFM: Force spectroscopy AFM

FFT: fast Fourier transform

fMRI: functional magnetic resonance imaging
FP: FingerPrint algorithm

GFAP: glial fibrillar protein

eGFP: enhanced green fluorescent protein
GM: grey matter

H&E: Hematoxylin and Eosin

HS: hemisection

IF: immunofluorescence

IHC: Immunohistochemistry

MDM: monocyte-derived macrophage
MMP: matrix metalloproteinase

MPM: multiphoton microscopy

2PEF: two-photon excited fluorescence

PET: positron emission tomography

PLR: path length ratio

PM: photomultiplier

ROI: region of interest

SClI: spinal cord injury

SHG: second harmonic generation
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SNR: signal-to-noise ratio

WM: white matter

Glossary (alphabetic order):

Activated astrocytes/microglia: activation occurs after an injury, when homeostasis is perturbed.
Astrocytes and microglia in a homeostatic state become activated with modifications in size and

shape that help their migration to the injury site.

Biomarker: specific targets (cells, molecules, structures) that are related to significant changes in

clinical observations.

Confocal microscopy principle: a pinhole, inserted in the microscope set up, blocks the light from

outside the focal plane providing a better contrast.

Fibrillar collagen: collagen pattern representing the most common type of collagen. It involves the
cleavage of the N and C terminal sequences by specific proteinases and the assembly of procollagen
into cross-striated fibrils by lysyl oxidase action, shaped into a cylindrical structure. Eventually,
collagen fibrils associate into heterotypic fibers (fibril-bundles). Its specific structure allows SHG to

occur.

Fibrotic scar: part of the glial scar composed of an astrocytic bound directly located around the lesion

site (also called the lesion core).

Fluorochromes: fluorescent tag (exogenous sources) to target the structures of interest within a
tissue. The fluorescent signal produced can be detected with fluorescence microscopy.
Force-distance curve: typical curve obtained with AFM in force spectroscopy mode. It represents the
distance wandered by the tip and the deflection (bending of the cantilever when interacting with the
sample) induced by forces.

Hemisection model: spinal cord injury model in animal where an incision is performed, usually with
microscalpel or scissors, and affects only half of the spinal cord. Various types of hemisection exist
such as dorsal, ventral and lateral. Lateral hemisection preserves one side of the spinal cord

maintaining some functions in the animal.

Histopathology: the examination of microscopic changes in biological tissues and cells in various

pathological states.
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Immunohistochemistry/Immunofluorescence: most widely protein detection techniques relying on
the antigen/antibody complex (a specific antibody matches specific antigen in the tissue).
Immunohistochemistry uses enzymatic labels (as peroxidase) while immunofluorescence uses a

fluorescent tag.

Inelastic interaction: light absorption phenomena leading to light emission based on fluorescence (as
in two-photon fluorescence 2PEF) or based on structural properties of the samples (as in Second
Harmonic Generation SHG) as well as to vibrational signatures of the molecules measured by

spectroscopy (Raman spectroscopy).

Ipsilateral side: name of the side injured, in a lateral hemisection model. The spared part is called the

contralateral side.

Label-free imaging: imaging technique relying on the direct interaction between the light and the

targeted biological system and that do not need external staining of the sample.

Mechanobiology: the study of the effects of physical forces and mechanical properties at different

scales (proteins, cells and tissues).

Multimodal imaging: combination of various imaging techniques (labeling or label-free), to bring

complementary information and help to address a more accurate diagnosis or treatment.

Non-centrosymmetric structures: crystals lacking inversion symmetry. Few non-centrosymmetric

biological structures exist, the main being fibrillar collagen, microtubules and myosin in sarcomere.

Secondary injury: classification of spinal cord injury phases. Its time-line depends of the species and
SCI model used. It follows the physical trauma (the primary injury) and can last 6 months post injury.
It includes many scarring events such as neuroinflammation, excitotoxicity and the glial scar

formation.

Young’s modulus extraction: Young’s modulus (or elasticity modulus, in Newton, describing the
stiffness of the sample) can be calculated by fitting a specific portion of the force-distance curve to a
theoretical model (usually the Hertz model for biological sample). It can be obtained for each pixel of

the acquisition grid and an elasticity map can be computed from it.
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Abstract

Spinal cord injuries (SCl) are part of the most impactful pathologies in the central nervous system
(CNS). They can induce dramatic physical and psycho-social effects for the patients, associated with a
consequent impact on the health care system. When an injury occurs, it induces a cascade of events
disturbing the surrounding structures and cell populations, and includes the formation of a glial scar.
This scar is composed of various cell populations such as activated microglial and astrocytes.
Fibroblasts are producing collagen with the support of reactive astrocytes and are involved in the
fibrotic process. The glial scar is a dense chemical and physical barrier with dual effects on the
recovery. No curative treatment is currently available. However, promising pharmaceutical
approaches have been developed through the transient depletion of microglia using a GW2580
treatment, an inhibitor of CSF1R receptor that specifically regulates the proliferative part of

microglial cells.

The exploration of collagen in the glial scar formation has raised poor attention comparing to the
interest in microglia and astrocytes roles. Fibrillar collagen as collagen | is well known in common
wound healing processes occurring in the rest of the body following alteration of ECM, and is defined
by a supramolecular organization in cross-striated fibril shaped into a cylindrical structure and
eventually associated into fibers. This assembly leads to unique optical properties that can be directly
monitored by non-linear optical measurements (NLO), such as Second Harmonic Generation (SHG),
without special sample preparation and without any exogenous labeling. As SHG is a coherent signal
that depends on the polarization of the incident laser by performing Polarization-resolved SHG (P-
SHG) collagen fibers arrangement at a supramolecular level can be assessed related to the fibrils

nature (related to their symmetry profiles).

The global approach we proposed in our work was to exploit the potential of NLO optics in detecting
and characterizing fibrillar collagen in SCI (using Multiphoton microscopy to visualize simultaneously
2-photon excited fluorescence and SHG signals) in a mouse model and to correlate the obtained
structural information to the biomechanical behavior of the tissue via micro/nano-indentation force
measurements with Atomic Force Microscopy (AFM). Collagen fibers exhibited by their SHG signal
were characterized with two methods: CurveAlign software dedicated to collagen fibers analysis in
biological samples and a home-build Fingerprint algorithm written in MATLAB establishing an
analysis pipeline more adapted to our study. We eventually generated a skeleton map of the fibers to
extract relevant metrics such as the fibers’ density, tortuosity and orientation at local level
(calculating the circular variance of the local orientation) or at global level (calculating the statistical
entropy). Our multimodal label-free imaging approach was thus dedicated to reveal and monitor
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lesion biomarkers deduced from the fibrotic structure and the elasticity of injured spinal cord tissues
after various time-points post-injury and to investigate the potential effect of a pharmacological

treatment with GW2580 at 6 weeks post injury.

The SHG signal exhibited by fibrillar collagen enabled to specifically monitor it as a biomarker of the
lesion. An increase in collagen fibers density and the formation of more tortuous fibers overtime
from 1 week to 6 weeks post-injury was observed. P-SHG measurements revealed both fibrils
symmetry types (cylindrical and trigonal) at all the time-points post injury. Nano-mechanical
investigations revealed a noticeable hardening of the injured area from 1week post injury, correlated

with collagen fibers’ formation.

These observations indicate the concomitance of important structural and mechanical modifications

during the fibrotic scar evolution following a spinal cord injury in mice.

Clara MANESCO | Thése de doctorat | Université de Montpellier

Etude photonique et nano-mécanique pour le suivi sans marquage de la cicatrice fibrotique dans les |ésions de la moelle épiniére 23



Résumeé

Les lésions de la moelle épiniere (LME) font partie des plus graves maladies du systéme nerveux
central (SNC). Elles peuvent induire des effets physiques et psycho-sociaux dramatiques chez les
patients, associés a d’importants colts pour le systéme de santé. Lorsqu’une lésion advient, une
cascade d’événements est enclenchée perturbant les structures et populations cellulaires a
proximité. Ces perturbations ont notamment pour conséquence la formation d’une cicatrice, la
cicatrice gliale. Elle est constituée de diverses populations cellulaires telles que les formes activées de
microglies et d’astrocytes. Les fibroblastes qui produisent du collagéne sous I'action d’astrocytes
participent au processus fibrotique. La cicatrice gliale constitue une dense barriere physique et
chimique dont les effets sont a la fois bénéfiques et délétéres. Aucun traitement curatif n’existe a
I’heure actuelle. Cependant, des thérapies pharmaceutiques ont été développées, notamment par la
déplétion transitoire de la microglie en utilisant le GW2580, un traitement qui inhibe le récepteur

CSF1R impliqué dans la partie proliférative des cellules gliales.

Le role du collagéne dans la formation de la cicatrice gliale a été peu exploré en comparaison de ceux
de la microglie et des astrocytes. Le collagene fibrillaire tel que le collagéne de type | est bien connu
dans les processus de cicatrisation classiques, suite a une altération de la matrice extracellulaire
(MEC). Le collagene fibrillaire se caractérise par une organisation supramoléculaire en fibrilles striées
regroupées en une structure cylindre pour finalement étre associées en fibres. Cet assemblage lui
confere des propriétés optiques uniques qui peuvent étre directement détectées par des mesures
d’optique non-linéaire (ONL) telle que la génération de seconde harmonique (GSH) sans qu’une
préparation spéciale ou un marquage exogene de I’échantillon soit requis. De plus, la GSH étant un
signal cohérent qui dépend de la polarisation du laser incident, des mesures de GSH résolue en
polarisation (P-GSH) peuvent étre menées afin de déterminer I'arrangement supramoléculaire des

fibres de collagéne associé a la nature des fibrilles (elle-méme associée a la symétrie).

L’approche globale que nous avons proposée était d’exploiter le potentiel de I'ONL pour la détection
et la caractérisation du collagéne fibrillaire (utilisant la microscopie multiphotonique pour visualiser
simultanément la fluorescence par excitation a deux photons et le signal GSH) dans un modéle murin
de LME, et de corréler les informations structurales obtenues avec le comportement biomécanique
du tissu, déterminé par microscopie a force atomique (MFA) en mesurant les forces appliquées lors
de micro-nano indentations. Les fibres de collagéne observables grace a leur signal en GSH ont été
caractérisées via deux méthodes successives : avec le logiciel CurveAlign spécifiqguement dédié a
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I’analyse des fibres de collagéne dans les échantillons biologiques, et avec un algorithme codé au sein
de I'équipe basé sur le « Fingerprint algorithm » pour une analyse plus adaptée a notre étude. Un
« squelette » de fibres a été généré par cet algorithme nous permettant d’extraire des métriques
pertinentes caractérisant les fibres présentes dans la lésion telles que la densité de fibres, leur
tortuosité, ainsi que leur orientation a un niveau local (calculant la variation circulaire de
I'alignement local) et a un niveau plus global (calculant I'entropie statistique). Notre approche
d’imagerie multimodale sans marquage a donc eu pour but de révéler et suivre des biomarqueurs

issus de la structure fibrotique et de I’élasticité de tissus de moelle épiniere lésée a différent temps

apreés lésion, et d’évaluer le potentiel effet d’'un traitement au GW2580 a 6 semaines post |ésion.

Le signal GSH émis par le collagéne fibrillaire nous a permis de I'identifier comme biomarqueur de la
|ésion. Une augmentation de la densité de fibres ainsi que la présence de fibres plus tortueuses ont
été observées entre 1 et 6 semaines post lésion. Les mesures en P-GSH ont révélé la présence de
deux types de symétrie des fibrilles (cylindrique et trigonal) a tous les temps apreés lésion. L’étude des

propriétés nano-mécaniques a montré un durcissement notable de la zone lésée a partir d’une

semaine post Iésion, certainement corrélé a la formation de fibres de collagene.

Ces observations indiquent la concomitance d’importantes modifications structurales et mécaniques

au cours de I'évolution de la cicatrice fibrotique suite a une LME chez la souris.
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General Introduction

It is nowadays assumed that microscopes and more generally imaging technologies access
elements and structures commonly “unseen”. However, this assumption has not always been taken
for granted, and more precisely, the determinant role of imaging in characterizing biological samples
has become evident only some decades ago. We can mention Rosalind Franklin and her X-ray
diffraction studies, which revealed the double-helix structure of DNA (1953) and, on a more current
topic, June Almeida who first described the structure of the coronavirus (1967) using electron
microscopy; these two relevant examples highlight the need of specific imaging techniques in order

to reveal specific targets.

Indeed, imaging technologies have become unavoidable in scientific research to observe biological
samples at level of proteins, cells and tissues. The real challenge of “bringing to light” the structure of
interest in a complex biological process or disease has led to the advent of various imaging
techniques. Some of them are involving labeling methods, relying on chemical affinities between a
tag and the molecule of interest. Others are called “label-free”, relying on the direct interaction
between the light and the targeted biological system. Labeling techniques are well-known and
commonly used practices but still considered operator-dependent and time-consuming. On the other
hand, label-free imaging technologies are at the forefront of the research since no external staining
perturbing the system is needed. However, it would be reductionist to claim that label-free
investigations could replace the staining approach in terms of reliability, time-consumption and
reproducibility. Both methods have their advantages and limitations, but more importantly, they are
targeting different properties of the sample. To that degree, it can be suitable to combine both of
them, in a so called multimodal imaging, to bring complementary information and help to address a
more accurate diagnosis or treatment. For example, multimodal imaging approaches has been
particularly relevant in the field of histopathology, which is the microscopic analysis of tissues aiming
to identify disease and characterize them. The visualization of biomarkers in pathological tissues
through imaging has become increasingly important in monitoring disease apparition, evolution or
recovery. In that context, biomarkers are defined as specific targets (cells, molecules, structures) that
are related to significant changes in clinical observations (Frank & Hargreaves, 2003). Protocols for
imaging are relevantly established in a way to identify biomarkers; in that way, they can be precursor
tools in drug selection that further increases therapeutics strategies efficiency, and even leads to
clinical translation of the treatment. Clinical protocols based on labeling has been thence routinely
combined with quantitative assessments performed with label-free techniques in the investigations

Clara MANESCO | Thése de doctorat | Université de Montpellier

Etude photonique et nano-mécanique pour le suivi sans marquage de la cicatrice fibrotique dans les |ésions de la moelle épiniére 26



of cancers or neurodegenerative disease. Among the labeling techniques, Hematoxylin and Eosin
(H&E) staining — discriminating cells nuclei and proteins — and some immunohistochemistry (IHC)
techniques — those relying on tagged specific antibodies tags to target proteins and provide specific
contrast — remain at the present the gold standard methods for visualizing a target component.
When using a fluorescent tag, the IHC contras